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ABSTRACT 
Shallow cores from the Avon-Heathcote Estuary possess 
the following four distinct sedimentary units: 1) medium 
fine sand (Unit A), 2) muddy fine sand (Unit B), 3) 
slightly sandy mud (Unit C), and 4) muddy fine sand (Unit 
D) • 
A combination of historical records, 14c dates, a 
210pb profile, and pollen diagrams disclose the age and 
sedimentation rates of the units as follows. unit A was 
deposited in shallow oceanic waters before the estuary 
formed and ceased accumulating around 450 years B.P 
(approximately 1540 AD). unit B was deposited after the 
estuary formed at rates of 0.15cm per year (from 1540 AD to 
1850 AD) and 0.27cm per year (from 1850 until 1925). From 
1925 until around 1950, a mechanical river sweeper swept 
high quantities of mud from the Avon and Heathcote rivers 
to the Avon-Heathcote Estuary. During this period unit C 
accumulated rapidly (6 to 12 cm per year) in the estuary. 
Since 1950, unit D sand has been accumulating at a rate of 
approximately 0.5cm per year. 
X-Ray Diffraction and petrographic analyses of 
.sediments show that individual grain sizes (sand >63j.Lm, 
silt 4-63j.Lm, and clay 4j.Lm) of all units contain homogeneous 
mineralogy, which is similar to that in sediments of both 
the Travis Swamp and Saltwater Creek Estuary. The 
mineralogical assemblage and grain size distributions 
indicate that Avon-Heathcote Estuary sediments are derived 
principally from local deposits of Post-glacial loess, 
which are in turn derived from the Mesozoic Torlesse rocks 
(situated along the western edge of Canterbury). 
Flame Atomic Absorption Spectroscopy analyses of 
total heavy metal extracts from the sediments indicate that 
the urbanisation of Christchurch has had and is having a 
significant impact on heavy metal levels in the Avon-
Heathcote Estuary. A blackened layer of sediment near the 
top of unit B (corresponding to the period 1900 to 1925) is 
moderately enriched in heavy metals and organic matter. At 
the time this black sediment was deposited, Christchurch 
was the major "iron-working" district of New Zealand. High 
quantities of heavy metals and organic matter entered the 
estuary with industrial and organic wastes, and ash and 
soot particles carried in river and drain waters. 
Unit C sediment is not enriched in either heavy metals 
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or organic matter despite the high flux of industrial and 
domestic wastes to the estuary between 1925 and 1950. The 
rapid sedimentation rate and higher clay content of unit C 
diluted heavy metal and organic matter concentrations as 
the mud accumulated. 
Heavy metal and organic matter levels increase from 
the base of unit D up to a point corresponding with 1972. 
Immediately above the 1972 level, metal and organic 
matter concentrations drop in the sediments which reflects 
the sudden removal of most industrial and domestic wastes 
from the estuary system. Since this brief decline, organic 
matter concentrations have slowly increased in sediments of 
most areas of the estuary. The high quantity of algae and 
nutrients discharged from the Christchurch City Council 
Sewage Treatment Plant is largely responsible for the high 
levels of organic matter in the sediments. 
The Heathcote Basin is the major sink for Pb, Zn, Cu, 
Cr, organic matter, and mud derived from the rivers, city 
outfall Drain, and sewage ponds. 
Zinc and Pb are the most significantly enriched metals 
in post-1972 sediments of the Avon-Heathcote Estuary. 
Chromium and Cu are also enriched in some areas of the 
estuary. 
Total heavy metals were analysed (by Graphite Furnace 
Atomic Absorption Spectroscopy) in suspended sediment and 
water of the major non-saline water systems entering the 
estuary. The results reveal that at present the main 
anthropogenic sources of metals to the estuary are 
stormwater (Pb, Zn) and the treated sewage effluents (Zn, 
Cr, cu). 
Generally Fe, Mn, and Ni are not enriched in the Avon-
Heathcote Estuary. Some Fe and Mn enrichment near the city 
outfall Drain may be due to preconcentration of these 
metals in sulphide precipitates. A considerable proportion 
of total Fe in the Avon-Heathcote Estuary appears to be 
precipitated during estuarine mixing. 
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INTRODUCTION 
Many heavy metals (Fe, Mn, Cr, Cu, Zn, and Ni) are 
essential to plant and animal life. If heavy metals are 
undersupplied then biota may become deficient in essential 
metals needed for metallo-enzymes, such as Fe in 
haemoglobin. However, high concentrations of some metals 
(such as Pb, Cu, Cd, and Zn) are toxic to organisms by 
inhibitin~ many essential life functions (Nieboer and 
Sandford, 1984). 
Due to the useful physical properties of heavy metals 
such as electrical conductivity, hardness, and durability 
they have been extensively utilised in industry, especially 
since the Industrial Revolution in the late 1800's. Hence, 
water and sediment metal concentrations have increased 
markedly over the last 100 years, which has upset many 
natural aquatic ecosystems (Salomons and Forstner, 1984). 
Because estuaries fill with sediment they contain a 
record of sediment disturbances and changes in drainage 
brought about by urbanisation of their catchments. In 
addition, changes in heavy metal fluxes related to 
anthropogenic activity may be recorded in sediments. 
Sediment fluxes are influenced by flooding, land 
clearing, building, farming, market garden development, and 
accidental fires. Hence, sedimentation rates vary 
considerably throughout the history of an estuary (Schubel 
and Meade, 1977). As a result, heavy metal levels are 
preconcentrated and diluted to different degrees in an 
estuary's sedimentary profile depending on the history of 
both sediment disturbances and metal-producing activities 
in the surrounding area. Therefore, it is impossible to 
interpret an estuary's history of heavy metal contamination 
from chemical analyses alone. Knowledge of grain size 
distributions, mineralogy, sedimentation rates, and 
anthropogenic acti vi ty is essential when studying heavy 
metals in sediments (cauwet, 1987). 
New Zealand has a low population (3.5 million) and a 
Fig. 1.0a 
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Location Maps. A, New Zealand. B, Pegasus Bay. 
C, Avon-Heathcote Estuary and Travis Swamp. 
D, Saltwater Creek Estuary. 
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land mass about the size of Great Britain, hence heavy 
metal pollution of harbours, estuaries and rivers is not as 
serious as in many other countries (Smith, 1986). However, 
near the major cities, elevated metal concentrations have 
occurred in localised areas as a result of uncontrolled 
industrial discharges, geothermal activity, mining, sewage 
effluents, and urban stormwater discharge. 
Christchurch is the third largest city in New Zealand 
(population 300,000). The Avon-Heathcote Estuary borders 
the eastern suburbs of Christchurch city and receives non-
saline water from the Avon and Heathcote Rivers, a major 
stormwater drain (City outfall Drain), and treated effluent 
from the Christchurch City Council (Christchurch Drainage 
Board) sewage ponds (Fig 1.0a and b). 
Macpherson (1978) established a geochronology of 
sedimentation in the Avon-Heathcote Estuary. Pre-estuarine 
ocean sand (Unit A) ceased accumulating in the area of the 
estuary 1000 years ago. From around 1000 years ago until 
1850 slightly muddy estuarine sand (Unit B) was deposited 
in the estuary. Between 1850 and 1875, approximately 25 cm 
of mud (Unit C) accumulated throughout the estuary as a 
result of land clearing by early settlers. According to 
Macpherson, during this period the tidal compartment 
decreased by 30%. 
After comparing bed level surveys in 1920 and 1962, 
Macpherson concluded that the estuary bed has lost over 1m 
of sediment since 1920. Macpherson thought that a 
combination of rapidly increasing tidal compartment and 
intense bioturbation eroded sediment deposited during the 
early period. 
Due to a lack of supporting historical data, 
Macpherson's methods have suffered criticism by more recent 
workers. Findlay (1984) and Kirk and Findlay (1988) 
produced data indicating that the tidal compartment of the 
Avon-Heathcote Estuary has steadily increased since the 
settlers first arrived. These workers also found no 
evidence of erosion or deposition at the estuary inlet and 
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Fig. 1. Db View looking southeast across the Avon-Heathcote 
Estuary at mid tide, April 13 1991 (L~J. Brown 
N.Z. Geological Survey, pers. comm.). During 
estuarine mixing the tide prevents mud carried 
in the river waters from leaving the estuary. 
Most shoaling can be observed along a band 
extending from the mouth of the Avon River, 
across 
Basin. 
AR, 
AD, 
HR, 
HB, 
MB, 
Drain, 
Ponds, 
the western shores, to the Heathcote 
Avon River 
Avon Depository 
Heathcote River 
Heathcote Basin 
McCormacks Bay 
City Outfall Drain 
Christchurch City Council 
Sewage Oxidation Ponds 
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the toe of South Brighton spit before 1920, and little 
change after 1950. Hence, some doubt has arisen over the 
geochronology established by Macpherson. 
European settlement began in Christchurch in 1850 AD 
and industrial activity dates back to the 1860's. In fact 
Christchurch was the main industrial centre of New Zealand 
at the turn of the century (Morrison, 1948). Many untreated 
wastes from metal workers were discharged into the 
Heathcote River at the time. If the estuary is rapidly 
eroding as claimed by Macpherson (1978), then contaminated 
sediments deposited before 1900 may be brought to the 
surface creating a widespread pollution problem. Heavy 
metal studies to date on surface sediments in the rivers 
(Anderson, 1985; Hulse, 1983, and Purchase, 1983), City 
Outfall Drain (Hay, 1988), and estuary (Burgess, 1985; 
Christchurch Drainage Board (CDB) , 1988; Purchase, 1983; 
and Rodrigo, 1989) generally show moderate to severe 
contamination adjacent to industrial and stormwater 
effluent discharge points. However, there is insufficient 
information available to tell whether or not an ancient 
contaminated layer is either being exposed by erosion or 
exists near the surface. 
The principal goals of this thesis are to 1) 
redetermine the geochronology of the Avon-Heathcote 
Estuary, 2) determine the sedimentary environment of the 
estuary throughout the history of Christchurch, and 3) 
investigate the impact that the urbanisation of 
Christchurch has had and is having on heavy metal and 
organic matter concentrations in the sediments of the Avon-
Heathcote Estuary. 
Because Christchurch's history is very recent (less 
than 150 years), considerable historical data (such as 
photographs, written documents and observations by elderly 
people) are available on changes in land use, siltation 
(rapid mud deposition), and industrialisation of areas 
adjacent to the estuary. Hence an analysis of historical 
records is included as part of this thesis. 
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After a brief review of sediment and heavy metals in 
estuaries (Chapter 1), a synthesis of Historical data is 
presented (Chapter 2) to establish an accurate base for 
comparison of geological and heavy metal data. Geological 
analyses of sediment cores from the Avon-Heathcote Estuary, 
Travis Swamp and Saltwater Creek Estuary are presented in 
Chapter 3. The following investigations are discussed: 
grain size distributions, mineralogical studies, 14c dates, 
a 210pb profile, and pollen diagrams. These geological 
studies establish the geochronology and sedimentological 
nature of the estuarine environment throughout 
Christchurch's history. 
Heavy metal (Pb, Cu, Ni, Zn, Fe, Mn, Cr) and organic 
matter concentrations in the Avon-Heathcote Estuary 
sediment profiles (Chapter 4) are interpreted in light of 
the historical synthesis, sedimentation rates, mineralogy, 
and grain size distributions presented in chapters 2 and 3. 
Analyses of heavy metals in the suspended sediment and 
water (dissolved phase) of the rivers and drains entering 
the estuary are also discussed in Chapter 4. This study 
has determined the main present day contaminant sources. 
Two cores from the Travis Swamp and Saltwater Creek 
Estuary (Fig. 1.0a) are included in geological and heavy 
metal studies as background references. 
A synthesis of the effects of urbanisation on 
sedimentation and heavy metal distributions in the Avon-
Heathcote Estuary is presented in Chapter 5. 
Quality control of core studies is assessed separately 
in Chapter 6. 
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CHAPTER 1 
HEAVY METALS AND SEDIMENTS IN ESTUARIES: A REVIEW 
An intricate combination of physical, chemical, 
biological, and anthropogenic processes affect heavy metal 
distributions in estuaries. Hence, it is important that 
scientists studying heavy metals in any estuarine medium 
(such as biological tissue, sediment, and water), 
understand the influences of each of the above processes. 
The first chapter of this thesis presents a review of heavy 
metals and sediments in estuaries considering 
anthropogenic, hydrodynamic, chemical, and biological 
effects. Estuaries are discussed, with regard to 1) 
hydrography and sedimentation patterns, and 2) heavy metal 
behaviour from source through transportation, estuarine 
mixing, deposition, diagenesis, and bioavailability. 
1.1 HYDROGRAPHY AND SEDIMENTATION OF ESTUARIES 
The slow rise in sea level over recent millennia has 
caused the sea to invade coastal deposits where wave action 
and littoral drift have formed bars across river mouths. 
The resulting embayments are known as estuaries. An 
estuary is defined as "a semi-enclosed coastal body of 
water freely connected to the ocean within which seawater 
is measurably diluted by freshwater runoff from land II 
(Schubel and Meade, 1977). 
Once estuaries are formed, they are filled rapidly 
with sediments derived from shore, river, wind, sea, and 
biological activity. Consequently, estuaries have a short 
life during which they are constantly altered by deposition 
and erosion of sediments. Estuaries also suffer extreme 
modification during floods and small changes in sea level. 
Floods can cause greater river discharge into estuaries in 
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days than occurs in years under normal conditions (Aston 
and Chester, 1976). In the past few 100 years the rate of 
sediment input has increased as a result of human activity; 
consequently the lifetime of modern estuaries may be 
shortened considerably. 
Sources of estuarine particulate matter include (1) 
oceans (diatom and foram skeletons, and coastal clay 
minerals and sand), (2) rivers carrying suspended sediments 
from the catchment area (oxyhydrates, clay minerals, and 
organic matter principally from plants), and (3) authigenic 
precipitates; particulate matter formed during estuarine 
mixing, such as Fe and Mn oxides (Salomons and Forstner, 
1984). These sources introduce trace metals into estuaries 
in solid, colloidal, and dissolved forms (Aston and 
Chester, 1976). 
The mixing of fluviatile (10- 3% salinity) and sea (3.5% 
salinity) water in estuaries often causes layering of the 
two water types which influences biological processes and 
mechanisms of sedimentation, precipitation, and 
flocculation. In turn, water layering and tidal currents 
affect the transport characteristics of sediments and hence 
the sediment grain size distributions. 
1.1.1 Fresh and Salt Water Mixing in Estuaries 
Mixing in estuaries results from a combination of 
river, wind, and tidal action. The degree of mixing 
depends on the magnitude of river flow, tidal flow, and 
upon the geometry of the basin that contains the estuary. 
Changes in any of these factors may produce changes in the 
estuarine circulation pattern, thereby altering the 
sedimentation pattern. A sequence of estuary types exists 
from poorly mixed and stratified (layered) to thoroughly 
mixed and homogeneous. Intermediate types include 
partially mixed and vertically mixed (Aston and Chester, 
1976; Salomons and Forstner, 1984; Schubel and Meade, 
1977). Estuaries continually vary in type as conditions 
10 
change. At any given time a number of different mixing 
types may be observed within different segments of the same 
estuary. An estuary will change from stratified to 
homogeneously mixed as the magnitude of the tidal flow 
increases relative to the river flow, or as the width of 
the basin increases relative to the depth (Meade, 1972). 
When the ratio of width to depth is small in an 
estuary, the ratio of river flow to tidal flow is 
relatively large and the encroaching seawater forms a wedge 
under the less dense freshwater. The river-dominated 
saltwedge estuary exhibits very little mixing of seawater 
and freshwater. The freshwater flows downstream above the 
saltwedge, while saline water in the saltwedge flows either 
upstream or downstream depending on the tide. The net 
particle movement is landwards. Fine suspended particles 
that are brought into the estuary by the river settle into 
the lower saline layer and are brought back upstream by the 
slow net landward flow of the lower layer and accumulate in 
the vicinity of the tip of the wedge. 
If the tidal flow increases relative to river flow so 
that the tide is more dominant than the river, the added 
turbulence provides the mechanism for erasing the 
saltwedge. Therefore, estuaries grade from saltwedge to 
homogeneous where tidal flow overwhelms the effect of the 
rivers. In homogeneous estuaries river movement is more or 
less symmetrical about the main axis of the estuary with 
slow net seaward flow at all depths. In such estuaries, 
there is also an accumulation of fine suspended sediment in 
the landward reaches between the upstream and downstream 
limits of the salt intrusion. In mixed estuaries, the 
concentration of suspended matter is greatest within the 
turbidity maxima, which is partly due to periodic 
resuspension of the bottom sediments by tidal scour and 
estuarine circulation. 
The most rapid shoaling in any estuary is normally 
between the flood and ebb positions at the limit of the 
salt intrusion or where the upstream flow of the lower 
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layer is interrupted by an entering tributary (Fig. 1. Ob) . 
Fine suspended particles that are brought into estuaries by 
rivers are carried back upstream to the zone of shoaling by 
the net landward tidal flow. 
In general, for any estuary the sediment trapping 
efficiency increases as the river flow increases relative 
to the tidal flow, or as depth increases. Generally most 
fluvial sediment is introduced when the river flow is high 
(when the trapping efficiency is greatest). When the river 
flow subsides and the relative importance of the tidal flow 
increases, the estuary shifts its circulation pattern 
toward one of greater mixing and consequently the sediment 
is redistributed, with losses to open water (Schubel and 
Meade, 1977). 
1.1.2 Sediment Transport Via Rivers 
River discharge reflects rainfall in small streams and 
seasonal changes in large rivers. Sediment transportation 
parallels this pattern (Burton, 1976; Salomons and 
Forstner, 1984). The nature and amount of sediment depends 
on the yield of the catchment area and the carrying 
capacity of the flow. A river carries sediment from both 
its catchment area and from erosion in its bed. The 
different sources contributing to the sediment load of a 
river during high discharge are also reflected in its trace 
metal content. During estuarine mixing coarse particles 
retain their individual sizes while their depositional 
behaviour is governed by mixing hydrodynamics. Whereas the 
behaviour of the suspended fraction is modified by 
processes which cause coagulation and disaggregation of 
flocculated material. 
Dispersed clay particles carried by rivers are 
unflocculated and negatively charged, and surrounded by a 
double layer of hydrated cations. In saline waters an 
increase in the total concentration of ions tends to 
decrease the thickness of the double layer; hence, 
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destabilising it (with possible charge inversion) allowing 
flocculation (Aston and Chester, 1976; Forstner and 
Wittmann, 1981). Flocculation occurs at varying salinity, 
which partly depends on the concentration of the suspended 
sediment. other factors that contribute to flocculation 
include (1) adsorption of positively charged particles, (2) 
compression of the electrical double layer, (3) formation 
of interparticle bridges by adsorbed material, and (4) 
enmeshment of clay and hydroxide particles. The different 
clay minerals vary in their tendency to coagulate. The 
order of clay mineral settling is usually determined by 
grain size with the coarsest minerals settling first. The 
order is frequently kaolinite followed by illite, chlorite, 
and montmorillonite respectively (Burton, 1976; Horowitz, 
1985) . 
1.1.3 Human Impact on Estuarine Sedimentation 
Forest clearing, by settlers, over the last few 
centuries has contributed enormous sediment loads to 
rivers, which has caused estuaries and deep harbours to 
fill (Fyfe, 1984; Lush, 1984) 0 
Conversion of forest to farmland can increase sediment 
runoff by a factor of 1000, while forest fires can increase 
erosion up to 7000 times, and changing grasslands to crops 
can lead to a 100 fold increase in erosion (Fyfe, 1984). 
Hence, soil cUltivation is estimated to be responsible for 
95-99% of erosion in agricultural areas (Forstner and 
Wittmann, 1981). 
During periods when houses and highways are 
constructed, the soil is distributed and left exposed to 
wind and rain. When storms occur, flushing of loose soil 
causes sediment concentrations, in water systems, 100-1000 
times higher than yielded by undisturbed soil. Mining and 
dam construction also increase sediment loads. 
Anthropogenically accelerated drainage and water flow 
affects estuaries by 1) changing sedimentation rates, 2) 
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shifting locations of erosional versus depositional zones, 
3) altering the relative proportion of the different types 
of particulates that settle, and 4) increasing tidal 
prisms, hence upsetting flushing regimes (Lush, 1984). 
In addition, agricultural runoff and municipal sewage 
effluents contribute nutrients to streams and estuaries. 
These nutrients promote the growth of microscopic animals 
and plants. Shells of dead organisms persist and become 
deposited which enhances sedimentation rates (Schubel and 
Meade, 1977) . Such increased sedimentation rates, 
necessitate frequent dredging of estuaries to maintain 
navigation channels. 
1.2 SOURCES OF HEAVY METALS 
1.2.1 Natural Sources of Heavy Metals 
The major source of heavy metals to estuaries is 
geological weathering of rocks in the catchment area of the 
rivers that enter estuaries (Leenaers, 1988). 
Transition elements such as Cr, and Ni may substitute 
for Fe and Mg in rocks such as gabbros and basalts. 
Occasionally Pb may replace K in feldspars whereas Mn, Zn, 
Cr and Cu may replace Fe, Mg, and Al in iron silicates such 
as biotite. Zinc commonly replaces Fe and Mn in biotite and 
amphibole, whereas Cu is more likely to be enriched in 
olivine and pyroxene. The concentrations of Ni and Cr in 
mafic rocks can be 100-1000 times higher than granitoids, 
whereas granites are enriched up to 50 times in Pb compared 
with ultramafic rocks due to the high feldspar content. The 
above sUbstitutions are possible because of the similar 
ionic radii of the different metals (Drever, 1982; 
Salomons and Forstner, 1984). (Heavy metal bonding in 
detrital sediments is discussed in Appendix 1.0, section 
A1.1.3.1) 
Metal concentrations are also naturally elevated in 
areas which contain mineralised zones (characterised by 
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metal ores) and geothermal areas. oxidation of metal 
sulphide minerals in low pH waters may release significant 
concentrations of Zn, Pb, Cu, Cd, As and Hg into streams 
(Hendy, 1988). 
It is important to note that the bulk of detrital 
trace metals never leaves the solid phase from initial 
weathering to ultimate deposition. In fact, 60-98% of total 
Zn, Cu, Pb, Cr, and Ni are held detritally in sulphitic and 
oxidic minerals (such as magnetite, pyrite, ilmenite, 
malachite, and chromite) and ferromagnesial silicates (such 
as amphibole, chlorite, pyroxene, and garnet (Hem, 1989; 
Salomons and Forstner, 1984). Hence, detrital heavy 
minerals from magmatic, metamorphic, and sediment source 
rocks, which are generally resistant to weathering, may 
significantly enrich the heavy metal composition of 
uncontaminated estuarine sediments. 
1.2.2 Anthropogenic Sources of Heavy Metals 
1.2.2.1 Industrial wastes 
The main anthropogenic sources of heavy metals to 
estuaries include; industrial wastes, sewage sludge, and 
stormwater runoff from cities and towns adjacent to the 
estuaries (Angelidis and Grimanis, 1989; Bordalo Costa and 
Penedo, 1989; Drever, 1982; DeLaune et al., 1989; Finney 
and Huh, 1989; Forstner and Wittmann, 1981; Hamilton, 1989; 
MaIm et aI, 1989; Stoffers et aI, 1986). These sources also 
carry aerosol particles which contribute to their heavy 
metal loads. 
The mUltipurpose usage of heavy metals often leads to 
difficulties in tracing the source of water pollution 
(Nriagu and Pacyna, 1988). The main industrial sources of 
heavy metals are summarised in Table 1.1. 
Table 1.1 Main Industrial Sources of Heavy Metals 
1. Pulp, paper and board mills: Cr, Cu, Zn, Pb, Ni. 
2. Organic petrochemicals: Cd, Fe, Cr, Pb, Zn. 
3. Fertilisers: Cd, Cr, Cu, Fe, Pb, Ni, Zn. 
4. Basic metal foundries: Cd, Cr, Cu, Fe, Pb, Ni, Zn. 
5. Motor vehicles: Cd, Cr, Cu, Ni, Pb. 
6. Flat glass, cement, asbestos works: Cr and others. 
7. Textile production: Cr. 
8. Leather tanning: Cr. 
9. steam generation power plants: Cr. 
10. Steel manufacture: Fe, Cr, Mn. 
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11. Fuel (such as coal burning): Cu, Ni, Cd, Zn, Mn, Fe. 
Globally the most important single industrial source 
of heavy metals is the electroplating industry, which is 
often responsible for input of wastes containing la-lOa's 
ppm (Mg/g, part per million) cu, Cr, Ni, Zn, and Cd into 
estuaries and harbours (Forstner and wittmann, 1981). 
Leather tanning and textile production are an important 
source of Cr, whereas battery manufacturer is a significant 
source of Pb (Smith, 1986; Stoffers et aI, 1986). Two other 
important sources often ignored are disposal of ash residue 
from coal combustion and refuse incineration (Nriagu and 
Pacyna, 1988). 
Mining processes release metals by breaking up 
sulphide minerals, allowing oxygen attack. Oxidation of 
sulphide ions releases heavy metals. Metals are often 
leached from such deposits into groundwater, where they 
find their way into estuaries via rivers (Drever, 1982). 
, 1.2.2.2 Domestic Effluent 
Although industrial wastes contain large quantities of 
heavy metals, domestic effluent is the largest single 
source of elevated metals to estuaries by virtue of its 
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shear volume (Forstner and Wittmann, 1981). 
Table 1.2 Average Heavy Metal Composition of Sewage Sludge 
Compared to Crustal Values (Mgjg) 
Metal 
Ni 
Cr 
Cu 
Pb 
Zn 
Cd 
Sludge (s) 
60 
240 
700 
450 
1800 
10 
Average crust (c) 
80 
200 
45 
15 
65 
0.2 
Ratio 
SIC 
0.8 
1.2 
15 
30 
40 
50 
(Forstner and Wittmann, 1981; Nriagu and Pacyna, 1988) 
Generally, Ni and Cr are not elevated in sewage sludges, 
whereas Cu, Pb, Zn, and Cd may be highly enriched (Table 
1.2). Heavily contaminated rivers may contain as much as 
30% sewage particles (Forstner and Salomons, 1980). 
, 1.2.2.3 Stormwater Runoff 
Urban stormwater is a major source of heavy metals. 
During heavy rainfall stormwater often contains shock loads 
of contaminants 100-1000 times higher than other 
wastewater. stormwater is affected by street dust, climate, 
season, and land use. During storm periods atmospheric 
emission deposits (such as Pb from petrol, and Cr, Mn, Cd, 
Cu, and Zn from coal combustion) are washed from surfaces 
into stormwater. De Laune et aI, (1989) found Pb levels as 
high as 1000 ppm in Lake Capitol Sediments (Louisiana) at 
sites which receive runoff from interstate highways. Also, 
corrosion of Cu, and Zn roof fittings are an important 
source of metal enrichment to stormwater (Drever, 1982). 
In densely populated areas a considerable amount of 
ppm 
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Cadmium Concentration versus Grain Size 
in West German Rivers (Forstner, 1980). 
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atmospheric precipitation of heavy metals may also enter 
estuaries via the sewage system, thus rendering a clear 
differentiation between the influence of direct sewage and 
stormwater runoff impossible (MaIm, et al 1989). 
In general the current atmospheric flux of Cu, Pb, Zn 
to water systems in developed countries is lower than in 
1975 due to clean up measures such as the general reduction 
in the consumption of Pb-rich gasoline (Nriagu and Pacyna, 
1988) . 
1.3 GRAIN SIZE DISTRIBUTION OF HEAVY METALS 
The major part of the fluviatile sediment entering an 
estuary arrives in the suspended grain size range «63~m). 
Marine sediment typically shows a bimodal grain size 
distribution which peaks at around 2~m and 10-20~m 
(Horowitz, 1985). The 10-20~m fraction is normally the 
predominant grain size range but contributes approximately 
10% of the total heavy metals (Ackermann et aI, 1983; 
Horowitz, 1985). The less than 2~m fraction usually 
represents <20% of the bulk sediment and has the highest 
concentration of heavy metals and organic matter (Fig.1.1). 
Figure 1.1. shows Cd concentrations found in different 
grain sizes of various studies in (West) Germany (Forstner, 
1980). The curves show uniform Cd levels in the coarse 
fractions with a 10 fold increase in the less than 2~m 
fraction. The high concentrations of heavy metals in the 
fine fraction suggests that heavy metals are transported 
under conditions of relatively 
deposited in low energy areas 
1989) . 
low discharge and are 
of estuaries (Forstner, 
The phenomenon of heavy metal concentration and 
organic matter content increasing with decreasing grain 
size is a well documented relationship ~Ackermann et aI, 
1983; Cauwet, 1987; Forstner, 1989; Forstner and Salomons, 
1980; Forstner and Wittmann, 1981; Glasby et aI, 1988; 
Horowitz, 1985; Hornung et aI, 1989; Krumgalz, 1989; 
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Nicolaidou and Nott, 1989; Scoullos, 1986; stoffers et 
aI, 1986; and Taylor, 1986). A decrease in grain size 
corresponds to an increase in surface area. Generally, sand 
and silt sized quartz, feldspar, carbonate, heavy minerals, 
and rock fragment grains are more or less rounded. Sands 
and silts of this nature have surface areas of 10-100 cm2 /g 
and 100-1000 cm2/g respectively, whereas clay minerals have 
surface areas of the order of 10-100m2/g (Horowitz, 1985). 
While detrital sand and silt grains are rounded in shape, 
most fine grained clay minerals have a flat platy 
structure, which is responsible for their extremely high 
surface charge and cation exchange capacity. The high 
cation exchange capacity is governed by broken chemical 
bonds around the edges of minerals and charge imbalances 
caused by A1 3+ sUbstitution for Si4+ (Appendix 1.0, section 
A1.1. 3 .2) . 
Fine grained Mn and Fe oxides, and humic substances 
also have large surface areas of around 300 m2/g and 1900 
m2 /g, respectively, and are negatively charged under normal 
conditions in estuaries. Hence, these substances frequently 
adsorb heavy metals and may be, in turn, adsorbed onto the 
surfaces of clay minerals. More often the Fe and Mn oxides 
and organic sUbstances attached to the clay minerals are 
the sites of heavy metal adsorption (Forstner, 1989). 
(Heavy metal bonding in clay minerals, Fe and Mn hydroxy 
compounds, and organic matter is discussed in detail in 
Appendix 1.0, section Al.1.3) 
There is a decrease in heavy metal content in very 
small grains, below 0.2J.1.m (Fig.1.1), which is not fully 
understood. It is thought to relate to reduced metal 
adsorption on partially crystallised and amorphous minerals 
(Forstner and Wittmann, 1981). 
occasionally high heavy metal concentrations are found 
in the fine sand and silt fractions, which is usually 
caused by heavy mineral enrichment (Drever, 1982). On rare 
occasions high concentrations of trace metals and organic 
matter are found in the medium coarse sand fraction (>250 
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J,Lm). The cause is often agglomeration of fine grained 
material, which formed during drying procedures (Krumgalz, 
1989) . 
'1.4 HEAVY METAL BEHAVIOUR DURING SEA AND RIVER WATER 
MIXING IN ESTUARIES 
There are three main processes operating in estuaries 
during mixing. These include, (1) precipitation of 
dissolved iron as Fe(OH)3' (2) metal release from solid 
phases (e.g. organic matter) to solution and (3) uptake of 
released metals onto solid phases (Balls, 1989; Burton, 
1976; Forstner and Wittmann, 1981; Glegg et aI, 1988; 
Morris, 1986; Salomons and Forstner, 1984; and Windom et 
al, 1988). 
Iron (II) from rivers is oxidized to Fe (III) with 
increasing salinity and precipitates colloidally as Fe(OH)3 
as the pH increases above 7.5. Depending on the 
hydrodynamics of the estuary, Fe(OH)3 colloids will either 
deposit or escape to the open ocean. Manganese is also 
precipitated as hydroxides but to a lesser extent. 
During estuarine mixing, rapid flocculation and 
oxidation of organic matter leads to large-scale removal of 
sorbed heavy metals. Metals are desorbed due to dilution 
effects (diffusion from high metal concentration to low 
metal concentration) and complexation with chloride and 
other anions. In addition, Na and Mg ions from sea water, 
may exchange with trace metals adsorbed on the surfaces of 
suspended matter. The order of desorption is 
Cd>Zn>Mn>Co>Cu>Cr. 
At the same time that metals are desorbed from 
suspended matter, the slightly rising pH (due to the 
influence of the more alkaline seawater) encourages metal 
hydroxide precipitation (or co-precipitation with Fe(OH)3)' 
There is an increase in suspended matter at the turbidity 
maximum due to landward movement of bottom sediments by 
incoming tides (Fig. 1. Ob). This resuspended estuarine 
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sediment rapidly adsorbs the heavy metals released from 
riverborne particulates. Consequently, the desorption of 
heavy metals from incoming particulates is often cancelled 
by uptake on resuspended sediments and Fe hydroxide 
precipitates (Balls, 1989; Morris, 1986). 
After sediment and precipitated Fe(OH)3 and Mn(OH)3 
are deposited they may enter a reducing environment where 
heavy metal remobilisation and further concentration may 
occur (see section 1.6). The metals released into overlying 
water may be washed by the tide to the turbidity maximum. 
Metal remobilisation is also important when waste 
water is discharged to estuaries or rivers. In such cases 
surface desorption of metals occurs during oxidation of 
waste organic matter and metal sulphides. The high dilution 
ratio influences metal desorption. Subsequent uptake by Fe 
hydroxides and suspended sediment often results in metal 
enrichment in front of sewage outlets. 
In summary: the degree of trace metal desorption and 
uptake by sediments, and hydroxides varies depending on 
differences between estuaries in (1) estuarine 
hydrodynamics (2) chemical composition of seas and rivers, 
(3) concentration of flocculated colloids, (4) release and 
uptake of dissolved trace metals by bottom sediments, (5) 
degree of organic matter decomposition in sediments and the 
subsequent release of trace metals into overlying water, 
(6) biological uptake of trace metals, (7) quantity of 
waste effluent discharged into the system and (8) other 
parameters such as pH, Eh, salinity, turbidity, and water 
flow. 
1.5 HEAVY METAL DISTRIBUTIONS IN SURFACE SEDIMENTS 
Generally speaking, surface sediment metal variation 
across estuaries and along river courses acts as a guide to 
local pollution centres (Forstner and Wittmann, 1981). 
In recent years organic matter levels have risen in 
estuaries due to increased runoff containing nutrient rich 
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transportation within deposited sediments. Metals move by 
diffusion, both within the sediment column and across the 
sediment water interface. The exchange between the 
overlying water and the sediment surface leads to 
characteristic gradients in dissolved species in the upper 
30 cm of sediment deposits. Hence, estuarine sediments may 
act as sources of heavy metals to overlying water which may 
upset aquatic ecosystems and pollute drinking water 
supplies (Drever, 1982). 
Heavy metal remobilisation is enhanced by (1) elevated 
salt concentrations whereby alkali and alkaline earth 
cations compete with metal ions sorbed onto solid 
particles, (2) redox changes such as decreasing oxygen 
potential, (3) lowering of pH which leads to dissolution of 
carbonates and hydroxides, as well as increasing desorption 
of metal cations due to competition with hydrogen ions, (4) 
presence of natural and synthetic complexing agents which 
form soluble complexes, and (5) biochemical transformation 
processes. 
organic matter decay (or biologically catalysed 
oxidation of organic matter) is the driving force behind 
the downward depletion of oxygen in sediments (Drever, 
1982; Farmer and Lovell, 1984; Forstner and Wittmann, 1981; 
Finney and Huh, 1989; Gonzalez et aI, 1985). Most 
diagenetic reactions are influenced by micro-organisms such 
as aerobic heterotrophs, denitrifiers, fermenters, sulphate 
reducers, and methanoic bacteria. Hence, micro-organisms 
essentially drive the diagenesis process which succeeds, 
with depth, as follows, 1) oxidation of organic matter, 2) 
aerobic transpiration, 3) denitrification (oxic), nitrate 
reduction (post oxic), 4) sulphate reduction (sulphidic), 
and 5) methane fermentation (methanoic) (Table 1.3). 
Bacterial action leads to a decrease in pH and Eh with 
depth and hence increases the solubility of heavy metals 
(demonstrated in Figs 1.2, 1.3 and 4.29 (Chapter 4), and 
Table 1.3). Mobile heavy metal-organic complexes result. 
Consequently, the sediment pore water environment becomes 
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strongly reducing with depth (Drever, 1982; Scoullos, 1986; 
Salomons and Forstner, 1986). 
Table 1.3 possible Systems operating in Flooded 
Sediment as a Function of Redox Potential at 
pH 7 (Sikora and Keeney, 1983). 
System Redox Potential (V) 
oxygen disappearance 
nitrate disappearance 
Mn2+ formation 
Fe2+ formation 
Sulphide Formation 
Hydrogen, methane 
formation 
+.500 to +.350 
+.350 to +.100 
below + .400 
below + .400 
o to -.150 
below -.150 
1) to 5), category in text. 
Micro-organisms 
aerobic 1) 
faculative 2) & 3) 
anaerobic 
obligate 4) 
anaerobes 5) 
Fe and Mn hydroxy compounds are stable under oxic and 
post-oxic conditions which usually persist within 10 em of 
the sediment surface. Metals derived from overlying water 
or from upward migrating pore solutions are often sorbed or 
co-precipitated on Fe and Mn oxides. As depth increases 
oxygen is depleted and Fe(III) and Mn(IV) hydroxy compounds 
are dissolved and reduced to Fe2+ and Mn2+. Manganese (II) 
ions and Fe2+ diffuse upwards out of the reduced zone to 
the oxic zone where they are re-precipitated as Fe(III) and 
Mn(IV) hydroxides and hydrous oxides (Fernex et aI, 1986; 
Finney and Huh, 1989; Forstner and Wittmann, 1981; EI 
Ghobary and Latouche, 1986). The dissolution and reprecip-
itation of Fe hydroxides tends to occur at Eh values of 
approximately o. 2V, whereas Mn oxides precipitate at Eh 
values above 0.4V. Hence Mn2+ persists in the pore water 
longer than Fe2+ and is precipitated, as oxides, closer to 
the surface. As sedimentation increases the Fe and Mn 
hydroxide horizons become upwardly displaced, thus remain-
ing at the same relative depth. An increase in chlorinity 
in the surface sediment layers may cause a decrease in the 
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oxidation rate of Mn. 
wi th reduction of hydrous Fe and Mn oxides sorbed 
metals will be released and may be precipitated as sulphid-
es. Microbial reduction of sulphate to sulphides does not 
occur until all the oxygen has been consumed. Conversion of 
Fe oxides to sulphides generally causes a sediment colour 
change from red-brown to black or grey. At neutral pH 
mackinawi te or an amorphous equi valent is 
first Fe sulphide to form. Pyrite will form 
below 6.5 (Forstner and Wittmann, 1981). 
ranges, H?S may diffuse upwards and 
normally the 
if the pH is 
At lower pH 
hydroxide 
redissolve 
layers~ When the pH is 7 or above, HS- forms rather than 
H2S and reacts with heavy metal ions such as Pb
2+, co2+, 
Ni2+, Hg2+, Ag+, cu2+, and Zn2+ to form solid sulphides 
(Fig. 1.2). The reaction controlling sulphate reduction to 
sulphides is probably S04 2- + 9H+ + 8e -j. HS + 4H20 
(Smillie, et aI, 1981). The HS- species itself is capable 
of heavy metal reduction. The methanic fermentation zone 
will only be reached when the source of sulphide ions is 
depleted (Forstner et aI, 1986). Methanoic and sulphitic 
environments typically contain a lot of organic matter. 
Because early diagenesis is generally controlled by 
humic substances, organic pollution (related to effluent 
discharges) greatly enhances metal remobilisation and 
concentration in sediment pore waters (Salomons and Forstn-
er, 1984). occasionally microbial decomposition produces 
intermediate compounds which may act as metal chelators. 
Many authors have shown that the stability of metal humics 
is greater than that of metal-inorganic complexes. Some-
times the metal chelate components migrate upwards faster 
than sulphide ions and other metal complexes. By this 
means metals may escape the sulphidic zone to be either co-
precipitated with Fe and Mn hydroxy compounds or escape to 
the surface. Copper, Zn and Cd are the metals most likely 
to escape this way (Calmano et aI, 1988). 
Generally in estuaries when oxic waters overlie anoxic 
sediments maximum metal remobilisation occurs at the 
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sediment water interface. In contrast, mildly reducing 
conditions in slowly accumulating sediment allows the 
development of a well defined oxic zone, where remobilised 
metals may be trapped and greatly concentrated over natural 
levels. If the sedimentation rate is high, and the sediment 
rich in organic matter, then anaerobic conditions occur in 
both the intersti tial water and in bottom waters. Such 
sediments are black in colour and early diagenesis is 
controlled by sulphate reduction (Marten and Goldhaber, 
1978; Blatt et al, 1980). Recycling of metals near the 
surface in these conditions favours the long-term stability 
of sulphide and organic complexes and will minimise the 
release of metals. 
1.6.2 Other Influences on Diagenesis 
1.6.2.1 Bioturbation and Compaction 
Bioturbation causes (1) pumping of enriched 
interstitial water out of the sediment, (2) brings in water 
rich in oxygen, (3 ) actively transports particulate 
material to the surface and into deeper layers, and (4) 
discards faecal pellets onto the surface, which may be 
enriched with heavy metals. 
The major function of bioturbation is the release of 
dissolved metal compounds into the overlying water, which 
is particularly important in the top 5-15 cm of the 
sediment. Bioturbation may be several orders of magnitude 
greater than the sedimentation rate, and because most 
burrowers live near the redoxicline they move particulate 
matter from reducing environments to oxidizing environments 
near the sediment water interface (Rice and Whitlow, 1985; 
Salomons and Forstner, 1984). 
compaction may also contribute to the upward migration 
of heavy metals in the sediment column. Freshly deposited 
sediment contains 40-80% water, which is extruded upwards 
as deeper sediments are compacted. The upward moving water 
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Forstner, 1983; Horowitz, 1985; Smith, 1986). 
Heavy metals will enter benthic dwellers by either 
food (sediment or decaying organic material) or water 
(interstitial). Most studies indicate that the degree of 
bioavailability of sediment bound heavy metals is inversely 
related to the strength of the metal particulate bond. 
Heavy metals that can be removed from sediment by weak acid 
solutions are considered to be easily released in the gut 
of most organisms that inhabit the sediment. Such metals 
are normally adsorbed onto the surface of ferromanganese 
compounds and organic matter attached to the sediments. 
Frequently the surfaces of these substances are the 
deposition sites for heavy metals derived from 
anthropogenic sources (Wu Yuduan et aI, 1988). (Chemical 
partitioning and bonding of heavy metals on surface 
sediments is discussed in detail in Appendix 1.0, sections 
A1.1 and A1.2.) 
In pore waters, the metal species is very important. 
Hydrated metal ions, alkylated metal ions, and organo-
metallic complexes derived from the breakdown of organic 
matter and subsequent diagenesis are the most readily 
available forms of heavy metals to benthic organisms, 
because they can be ingested directly from the pore waters 
(Calmano et aI, 1988; Salomons and Forstner, 1984). The 
organic matter content of sediments is one of the most 
important factors in determining bioavailability. The 
higher the organic matter levels, the more attractive the 
area is as a food source for bottom dwellers. 
Unfortunately the highest levels of organic matter are 
often found in the vicinity of sewage outfalls, which are 
also potential sources of heavy metals. Hence, these are 
localities where bioavailability of heavy metals to 
benthics is highest. 
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CHAPTER 2 
HISTORICAL ANALYSIS OF ANTHROPOGENIC ACTIVITY AFFECTING 
SEDIMENT AND HEAVY METAL FLUXES TO THE AVON-HEATHCOTE 
ESTUARY 
2.1 INTRODUCTION 
2.1.1 Geological Setting of Canterbury 
The Canterbury Plains are over 50 Km wide and 160 Km 
long, extending from Timaru in the south to the Waipara 
River in the north, and east to Banks Peninsula. The Plains 
comprise a series of overlapping glacial outwash and 
alluvial fans which were progressively built during the 
late Quaternary by eastward flowing rivers emerging from 
the Southern Alps (Fig.2.1, Brown and Wilson, 1988; 
Suggate, 1958, 1968; Wilson, 1976, 1986). River catchments 
consist of highly indurated Mesozoic sandstone and mUdstone 
of the Torlesse Supergroup. These rocks have been intensely 
folded and faulted during two major orogenies. Subsequent 
fracturing and jointing during the fluctuating climatic 
conditions of the Quaternary has led to mechanical 
weathering of the rocks. The clasts derived from Torlesse 
rocks are extremely durable and have survived many episodes 
of transport and deposition. 
On the east coast at the seaward edge of the Plains, 
a late Miocene Volcanic Complex forms Banks Peninsula, 
which probably originated as an island. During the late 
Quaternary, alluvial deposits infilled the shallow seaway 
separating the mainland from the island. Yellow loess, tens 
of metres thick, covers the northern and western flanks of 
Banks Peninsula. 
The geological events related to the present study 
commenced approximately 14,000 years ago at the end of the 
• 
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last glaciation. During i:he following 7-8000 years, a 
marine t.ransgression encroached onto the South Island from 
the east.. The sea reached the present coastline around 
10,000 years ago and continued to move inland until it 
arrived at the 10calitiE~s occupied by Riccarton and 
Kaiapoi, approximately 6000-7000 years B.P. (Figs 2.2 
(pocket of thesis) and 3.11). Beach and associated 
estuarine, lagoonal, dUne! and swamp deposits of the 
Christchurch Formation 'N'ere laid down during the 
transgrE!ssion (Fig. 2.1) • Contemporaneously, fluvial 
gravels, sands, and silts of the Springston Formation were 
depositE~d to the west. Locally, Springston Formation 
sediment:s are derived from the Ashley and Waimakariri 
Rivers (Fig. 2.1). Following the marine transgression, the 
sea level stabilised and over the last 6-7000 years the 
shoreline has slowly prograded. Coastal progradation of 
Pegasus Bay, in contrast t:o coastal erosion south of the 
Peninsula, occurs because Banks Peninsula protects northern 
river mouths from the effects of the major northward 
flowing longshore currents (Blake, 1964; Wilson, 1976). 
More recent Springston and Christchurch Formation 
sediment:s, indicative of progradational sedimentation, 
progress eastwards from inland peat and swamp remnants, 
alluvial gravels sands and silts! aeolian dunes! to modern 
beach deposits. Considerable! interfingering of deposits 
makes i"t diff icul t to differentiate between sediments of 
the two Formations. Sediments being actively deposited 
today are not included in either Formation (Brown and 
Wilson, 1988). Coastal progradation and southward drift (as 
a resu11: of near shore currents) over the last 1000 years 
has contributed to the formation of the Saltwater Creek 
Estuary., the Travis Swamp! and the Avon-Heathcote Estuary 
(Fig. 2 .. lb) . 
ThE:! Avon-Heathcote Estuary and Travis Swamp lie within 
the Kairekei DUnes which a:::-e thought to have formed in the 
last 500-2000 years (Blake, 1964j Deely, 1987; Macpherson, 
1978 i Millward, 1975). The Avon and Heathcote Rivers derive 
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sedimentary processes are vTind and wave induced within the 
estuary and tidally induced at the mouth (Macpherson, 
1978) . 
Bot:h Knox and Kilner (1973) and Macpherson (1978) 
studied water movement in t:he Avon-Heathcote Estuary. Knox 
and Kiln.er used aerial observations of dye movement whereas 
Macpherson observed movement of treated sewage effluent as 
it discharged from the Christchurch Drainage Board 
Treatment Plant. Both studies found that just after high 
tide during moderately strong easterly winds water entering 
the estuary from the southE~rn pond outlet (Fig. 2. 3a) flows 
south along the western shore of the estuary and enters the 
Heathcot:e channel at the eastern edge of the Heathcote 
Basin. On calm days the plume flows across the western 
flats and generates current,s along the western shore of the 
estuary. During east and southwest winds, the Avon River is 
pushed across the western intertidal flats in the north 
(F ig .2. 3b) and the Heathcote River tends to be ponded in 
the Hea1:hcote Basin. At the same time suspended sediment 
from the eastern flats flo~NS across the estuary in a 
westward direction by advection. The above water 
circula1:ion patterns are enhanced by the incoming tide. 
2.1.3 Changes in the Tidal Compartment of the Avon-
Heathcote Estuary 
ThE:re is much debate regarding changes in tidal 
compartment, bed levels, and sedimentation of the Avon-
Heathco1:e Estuary. 
Macpherson (1978) used the Furkert-Heath relationship 
(Heath, 1975) to calculate changes in the tidal compartment 
(volume of water at high tide minus the volume at low tide) 
of the J1von-Heathcote Estuary throughout historical times. 
This method assumes that th~3.re is a linear relationship 
between cross-sectional area of the inlet and the tidal 
compartment. Macpherson felt that this was a more accurate 
method than calculating the tidal compartment using 
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existin9 depth soundings (particularly soundings from early 
surveys). Findlay (1984) and Findlay and Kirk (1988) 
disagreE!d with Macpherson and believed that the numerous 
depth s()undings from early surveys are accurate enough to 
determine the tidal compartment. Both Macpherson's and 
Findlay and Kirk's tidal compartment curves are presented 
in Figure 2.4. 
Mac:pherson I s results. suggested that the tidal 
compartment decreased considerably (30%) between 1850 and 
1875, increased rapidly around 1909, and increased at a 
slower rate after 1920. In contrast, Findlay and Kirk's 
curve shows the tidal compartment increasing steadily from 
1850 to 1915, then increasing at a slower rate after 1920. 
An anomaly in Findlay and Kirk's curve is the 
decelerating tidal compari:ment growth after 1920, which 
coincidE~s with rapid urban growth and changes recorded at 
the inlE~t in the 1920' sand 30' s (Findlay and Kirk, 1988; 
Knox and Kilner, 1973; Macphelrson, 1978; Penney, 1982). 
Thn discrepancies bet:welen the two tidal compartment 
curves in Fig. 2.4 suggest that either the early depth 
soundin9s used by Findlay and Kirk are in error or the 
Furkert-·Heath relationship is invalid in this case. 
Macpherson observed a massive homogenous mud layer 
(labelled unit e), averaging over 25cm in depth, in over 40 
2m deep cores from the estuary (Subsurface sediments are 
discussE~d in detail in chapter 3.) _ Unit C mud covers the 
whole e,stuary and occurs in areas where mud does not 
normally accumulate. Macpherson concluded that Unit C 
depositE~d quickly, between 1850 and 1875, under conditions 
of unnaturally rapid sedimentation, which caused the 
decreasE~ in tidal compartml~nt observed in Fig. 2.4. During 
this period there was cor..siderable land clearing as the 
population of Christchurch increased from 100 to 11,000. 
However, the population of Christchurch increased to 22,000 
by 1878 and 75,000 by 1906 (Scott, 1963), which is a more 
rapid growth than between 1850 and 1875. These figures 
suggest that runoff should have increased significantly 
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between 1875 and 1906, resulting in a further decrease in 
the tidal compartment. 
Mac:pherson (1978 and 1979) suggested that since the 
establishment of the Chris;tchurch Drainage Board in 1875 
drain lclying has led to an ever increasing water flux to 
the estuary, which is eroding unit C sediment. Findlay and 
Kirk agreed with Macpherson in that water flows have 
increasE~d since early times., but point out that most sewers 
were connected after 1950 and the growth of the urban area 
did not accelerate until after 1925 (Fig.2.4). This 
informat:ion suggests that major erosion of Christchurch 
area may have occurred after 1925 and not in the early 
period (1850 to 1875) as concluded by Macpherson. 
A closer examination of the Furkert-Heath 
relationship indicates that it may not apply to the Avon-
Heathcote Estuary. The relationship was originally 
established by comparing tidal compartments and cross-
sectional areas of major harbours and estuaries in New 
Zealand (Heath, 1975). Amongst these harbours were 
Wellington, Whangarei, Dunf~din, Akaroa, and Lyttelton, all 
of which are deep (over 20m) and the distances across the 
inlets in most cases are over 1km. In contrast the Avon-
Heathcote estuary is extremely shallow «3m high tide) and 
the dist.ance across the inlet is of the order of 1-200m. 
As discussed earlier MacphHrson's bathymetric and sediment 
studies show that the Avon--Heathcote Estuary and inlet are 
strongly affected by wind and tidal induced currents, which 
have negligible influence on deeper harbours. In fact, 
single ,events have been recorded at the inlet where the 
channel has moved, laterally, up to 150m. In addition, 
historical observations show that the inlet channel changed 
position on a daily basis in the 1920's and 1940's, and at 
times there was more than one ebb channel at Shag Rock 
(Penney" 1982). These observations indicate that wind and 
wave ac1:ion are more important than the tidal compartment 
in dete!rmining the cross-sectional area of the Avon-
Heathco1:e Estuary inlet. H,ence, the Furkert-Heath 
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relationship, based on larqe harbour inlets, may not apply 
to small estuaries such as the Avon-Heathcote Estuary. In 
fact Macpherson's 1964 tidal compartment calculation is 55% 
less than the area determined from the Royds and sutherland 
Survey in 1964. Macpherson corrected all his results 
assumin9 that a 55% error applied. This error is unlikely 
to be uniform over the last 100 years if wave and wind 
action have continually altered the cross-sectional area of 
the inIE~t. 
ThE~ degree of error associated with the early depth 
soundin9s (Pandora, 1854; and Lyttelton Harbour Board, 
1904) used by Findlay and Kirk is unknown. Hence, there is 
also some doubt over the accuracy of the early portion of 
their tidal compartment curve. 
All the discrepancies. discussed above indicate that 
tidal compartment changes may not have had as significant 
an influence on the estuary bed and inlet as previously 
thought and perhaps changes in sedimentation rates may have 
had somE~ ef f ect . 
2.1.4 changes in Bed Levels in the Avon-Heathcote Estuary 
Another area of debate on historic changes in the 
Avon-Heathcote Estuary is in bed level data. Macpherson 
(1978 and 1979) concluded that the estuary bed is 
undergoing net erosion, and has been since around 1900. 
Harrison (1976) and Millv.'ard (1975) also claimed large 
scale erosion in recent years, but their evidence is 
confined to the perimeter of the estuary (Fig. 2.5). 
Mac!pherson (1978) compared bathymetric data collected 
during !3Urveys of the estuary in 1920 (Lyttelton Harbour 
Board, LHB) , 1962 (Royds and Sutherland; Christchurch 
Drainage Board), and 1975/77 (Christchurch Drainage Board) 
and concluded that the intertidal zone of the northern half 
of the Elstuary lost up to :.m thickness of sediment between 
1920 and 1962. He thought that losses continued between 
1962 and 1975 but at a slO1fler rate. In addition, minor 
Fig . 2.5 Erosion of the Avon-Heathcote Estuary 
Perimeter near Sandy Point on the 
Western Slopes (Harrison, 1976). 
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accumulation was found, during the latter period, near the 
river entrances and in front of the oxidation ponds. 
Macpherson assumed that this pattern applied to the whole 
estuary and attributed erosion between 1920 and 1962 to the 
increasing tidal compartm,:mt. Macpherson suggested that 
slight adjustment in subtidal channels is responsible for 
erosion and deposition aft4~r 1962. 
The changes in bed levels were derived by 
extrapolating the 1920 data on to the grid line of the more 
recent surveys. Each survey line was 200m apart and 
Macpherson assumed that sediment levels on each line were 
charactE~ristic of areas 100m either side. He also assumed 
that th,e sea level in thE~ estuary has remained constant 
over the! last 150 years and that there have been no changes 
in the non-tidal flows. 
The Lyttelton Harbour Board's 1920 bed level data 
were collected by boat at high tide, and the grid used was 
at low ,angles to the later grid established by Royds and 
Sutherland in the 1960's (D. Carver (Surveyor) pers comm., 
Christchurch Drainage). The 1920 bed levels were measured 
by soundings and corrected to a general tidal curve and are 
much less accurate than later surveys, which were completed 
on ground at low tide using accurate reference points. 
Derek Carver suggests that the original survey may be 
inaccurate because the calculations do not take into 
account tidal fluctuations, wave movements, and wind 
currents which are important in the Avon-Heathcote Estuary. 
In addition: 1) the exact position of the 1920 survey 
reference point is unknown, 2) data discussed above (Fig. 
2.4) indicate that the tidal compartment has at least 
doubled in the last 50 yE~ars, and 3) the sea level has 
risen clpproximately 16cm since 1895 (D. Carver, pers 
corom. ). The above inform.ation indicates that the 1920 
survey is too inaccurate to compare with the later surveys. 
Macpherson's sedimen"tological analyses of Uni t C 
indicatE~ that this mud layer accumulated during a major 
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silting phase in recent 1:imes. Accurate dating of this 
layer is required to determine whether or not 1) 
anthropogenic acti vi ty influenced the deposition of Unit C, 
and 2) a major period of erosion followed Unit C 
deposition. 
Radiometric dating t:echniques are often inaccurate 
when applied to sediments less than 150 years because 1) 
most nuclide detection limits are older than the sediment 
of interest, 2) the concentration of the nuclides in the 
sediment: may be enhanced or depleted as a resul t of 
industrial pollution, 3) biQturbation frequently reworks 
ten I s of centimetres of sediment producing homogeneous 
nuclide concentrations with depth, and 4) nuclides may be 
remobilised in contaminated anaerobic sediments (Hume, et 
aI, 19 g 9). As a consequem~e, histor ical knowledge is 
essential in dating modern sediments. stratigraphic datum 
levels need to be located. Examples of stratigraphic 
markers include layers of ",,·ood, shell, and coal particles, 
as well as changes in sediment texture, pollen type, and 
contaminant levels. These reference layers are identified 
using historical records. Once marker beds have been 
located" contaminated sediment layers can be directly 
correlated with periods of industrial pollution. 
The remainder of this Chapter is a synthesis of 
changes in sedimentation, flora and fauna, and industrial 
acti vi ty related to the Avcm-Heathcote Estuary and its 
rivers. The synthesis has 1) helped identify stratigraphic 
marker heds in cores from the Avon-Heathcote Estuary, which 
have in turn provided reference ages for calculations of 
210pb profiles, and assisted in calculation of 
sedimen1:ation rates (Chapter 3), and 2) yielded new 
informa1:ion on historical sedimentation patterns in the 
Avon-Heathcote Estuary, which helped solve the scientific 
discrepancies discussed in the previous two sections. 
Table 2.1 Historical Observations Relating to Sedimentation and Heavy Metal Changes in the Avon-Heathcote Estuary 
Date Pre-European Events 
AD 
1200 First Polynesian settlers arrive in Canterbury (25) 
13-1400 Major bumoff of native bush by Polynesian settlers in Canterbury (24) (50% of area deforested by 1850) 
1500 Many Polynesian camp sites among sand dunes surrounding estuary (24) 
Date 
AD 
1850 
1860 
Drainage 
1858 Two storm wa-
ter drains (1) 
Heathcote River 
1850-67 Over 240 
vessels drawing up 
to 3 m travelled to 
Wilson's bridge (7) 
Avon River Estuary 
1840 W. Deans in-
troduced water-cress 
(7) 
1858 Withels Cult 
(11) 
1869 Schooners 
sailed regularly up 
river (5) 
Flora and Fauna Estuary mouth Industries on banks 
of Heathcote River 
1853 All land in 
lower Heathcote 
taken up by farms 
(5) 
1858 Iron foundry, 
brewery, sawmill 
fr-\ 
\J} 
1864 36 builders, 2 
brickmakers, 2 
foundries, 5 iron 
mongers, a moulder, 
6 tinsmiths, 2 zinc 
works, 7 
blacksmiths, 6 
breweries, and many 
more (5) 
1867 Railway 
opened through, 
Lyttelton tunnel (5, 
13) 
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2.2 cmUSTCHURCH AREA BEFORE: 1850 AD 
Table 2. 1 presents CL summary of the anthropogenic 
activity that affected sedimentation and heavy metal levels 
in sediments of the Avon-Heathcote Estuary. By referring to 
Table 2.1, the timing of drainage and sedimentation changes 
on land I' in the rivers, and in the estuary can be compared 
and the order of events leading to "silting" (deposition of 
unit C) in the estuary will be disclosed. In addition, the 
timing of silting can be compared with periods of 
industrial activity which most likely caused heavy metal 
contamination of the estuary sediments. 
ThE~ Canterbury area was first settled around 800 years 
ago by polynesian (Maori) people from North Pacific 
Islands .. Soon afterwards large areas of forest land were 
burnt-off. There was a large encampment on the sand hills 
just south east of Moa Bone: Point Cave, one at Bromley, and 
another on the north banks of the Avon River. By about 500 
years BoP., the Maori population had grown to a size where 
their food gathering habits were having a deleterious 
affect on the environment. At the time, thousands of 
hectaref3 of native bush were burned-off in the Canterbury 
area; smbsequent cover wa.s scrubby vegetation such as 
bracken and grass (McFadgen, 1989; McSaveney and 
Whitehouse, 1989; Trotter in Penney, 1982). Devegetation 
reduced natural resources considerably. Hence, the 
Polynesian settlers were forced to change to a hunter-
gatherer life style, and many of their camp sites are known 
amongst the dunes which run between the Avon-Heathcote 
Estuary" New Brighton and Canterbury. 
Sediment profiles from lakes and swamps often show an 
influx of sediment at t:he same time that pollen and 
charcoal records indicate deforestation of the catchment 
areas (600-700 years B.P.; McGlone, 1989). The 600-700 year 
B.P. burning of the Canterbury plains, together with later 
camping among the sand dunes probably affected coastal 
Table 2.1 continued 
Date Drainage Heathcote River Avon River Estuary Flora and Fauna Estuary mouth Industries on banks 
AD of Heathcote River 
1910 Economic depression 1912-14 1912 Silting more 1912 Ship entering The eelgrass zostera 1916 Channel cut 1913 Electricity 
(5) Development of serious (9,12) estuary (15) abundant all over across Sumner bar by slowly introduced 
market gardens in 1915 Problem of silt- 1914·18 Photograph the estuary before navy (15) into factories and 
the Heathcote ing of A von spread- ferrymead bridge at (7, 19) houses (5) 
Valley causing ing to lower reaches low tide (Fig 2.7b) 
serious soil erosion of river showing water 
and silting of river extending to outer 
(1) perimeter of 
Heathcote Basin (7) 
David Barr used to 
sail into Humphreys 
drive area in 1 m 
skimmer at low tide 
during World war I 
fA' 
\':JJ 
1920 1923 Amalgamation Early 1920's River 1920-25 Silting 1920 Deep channel 1929 Zostera grows 1918-22 Severe ero- 1920 Soap and 
of outer suburbs com- became restricted by problem continuing at junction of A von sparsely (6) sion of spit toe (14) candle factory in 
plete (5) willow growth and further restric- and Heathcote 1921 Christchurch HumphreysDrive 
1925-29 Many trapping silt and tion due to willow rivers (15) yacht club re-staked replaced by starch 
stormwater drains rubbish (1) growth (12) 1922 Syklark Is channels, Moncks factory (6) 
and sewers laid to 1925-26 "River 1927·29 River swept completely disap- Bay (11) 1926 Tar became 
outlying areas (1) sweeper" cleared from Barbadoes St. peared (14) Build up of available from 
large areas of river to Bridge 51. (12) 1928 Photograph, sand Clifton Beach Christchurch Gas 
0(7) (Fig 2.7d Heathcote (14) Works; roads sealed 
1929 Further river Basin mud flats 1929 New mouth rapidly after this 
sweeping (1) exposed at low tide opened up alongside time (21) 
(7) naval reserve OS) 
1929 Entire surface 
of estuary is mud 
and riddled with 
burrows (16) 
Date Drainage Hea thcote River Avon River Estuary Flora and Fauna Estuary mouth Industries on banks 
AD of Heathcote River 
1870 1874 City Outfall 1874 River becoming Woolston is 
Drain (2) choked with weeds industrial centre of 
1875 Christchurch (12) Christchurch 
Drainage Board 1874 8 woolscours, 7 
commissioned (3) tanneries, 1 soap and 
1878-80 Six candle factory, 
stormwater drains several glue and 
(1) carpet builders, 
breweries, 
wharfringers, 2 
foundries and more 
(5) 
1880 1882 Sewage farm 1880's Sailing ship 1886 Willow chok- 1884 11 wool scours, 8 
commenced opera- Minnie near Radiey ing river (2) tanneries, 1 giue 
tion (1) bridge (Fig 2.6) (7) 1m Water cress works, 2 limekilns, 
1885 Christchurch 1880's Silting river problem, silting flax mill, many iron 
water table lowered (8) problem (12) and brass foundries 
(4) 1887 No longer (5) 
lakes on land surface 
after rain (12) 
1890 1890-1920 Economic Ships still sailing 1894-99 'Avonia' Sydenham major 
depression (5) up to Radley bridge steamer employed to industrial centre of 
(5) cut weeds in river Christchurch 
Hill erosion causing (12) 
silting of river (9) Problem of silting 
worsening (12) 
1900 1903-23 Amalgama- 1900-03 Silting Keel boats (3 m) l2.O.3. Christchurch 
tion of Christchurch worsening further, moored at Fer- the chief industrial 
and suburbs (5) but weed problem in rymead bridge (9) cen tre of new ~ 0 
Economic depression check 1907 Construction of Zealand, principal 
(5) causeway across iron working dis trict 
McCormacks Bay 
Table 2.1 continued 
Date 
AD 
1950 
1960 
Drainage Heathcote River 
1952-62 Thenumber 1951 Severe hill 
house and business erosion and sil ting of 
connections to sewers Heathcote River, 
tripled (2) 1954-55 All sedi-
ment removed by 
river sweeper and 
dragline 0) 
1956-57 Deepening 
and clearing espe-
cially below Radley 
St 0,9) 
1962 Secondary 1960's Occasional 
treatment brought river clearing (9) 
into operation at 
Bromley Treatment 
Plant (2) 
1963 Effluentfrom 
ponds contributing 
30% freshwater to 
estuary 0) 
1968 RedcIiffs, Mon-
cks Bay, St Andrews 
Hill, Mt Pleasant 
and Ferrymead ef-
fluent diverted to 
Treatment Plant (2) 
Avon River Estuary Flora and Fauna 
Zostera rare, 
blue green algae 
Ulva and Entero-
morph abundant 
(8), yellow green 
slime Euglena com-
mon near outfalls (6) 
Estuary mouth 
1950's Spit toe has 
consolidated and 
vegetated (14) 
fudustries on banks 
of Heathcote River 
Serious spill from 
Christchurch Gas 
Works into 
Heathcote River at 
Bell's Creek (22) 
(spills high in coal 
and coke in addition 
to heavy metals) 
1964 Zostera beds in- 1960's Minor erosion 1968 Provita starch 
creasing along A von 
channel (19) 
1969 Zostera in-
creased to areas near 
Causeway (20) 
1969 Euglena abun-
dant south and west 
shores (6) 
and deposition 
events, channels un-
changed (14) 
factory in 
Humphreys Drive 
closed (6) 
1969-72 Bulk of 
industrial effluent 
diverted from 
Heathcote River to 
COB treatment 
plant (except for 
gasworks) (6) 
Date Drainage Heathcote River Avon River Estuary 
AD 
19.,0 1931 Area sewered 1936-41 River 1933 Rat Is filled on 1935-36 Estuary 
and drained tripled cleared below Bromley side (13) stil1 siHing up (11) 
since 1914 (1,2) Cashmere Bridge, 
1932 More stormwa- also straightened 
ter drains laid (1) and deepened (1) 
1940 1941-45 Deepening 1940's Tremendous 1947-52 River 1944 Bed estuary 
of major stormwater amount of silt car- widened using described as fairly 
drains and exten- ried down rivers dragline (10) compacted (12) 
sions to other drains during floods (10) Cut, Kerr's 1944 Erosion clays, 
(2) 1948-50 Drag line Reach (1) Ferrymead bridge 
used to clear river, cauSlU by crabs bur-
Charlesworth St. to rowing (12) 
Tunnel Rd. Bridge 1948 Silting still a 
(1) problem in the estu-
ary (15) 
Flora and Fauna Estuary mouth 
1930 Erosion spit toe 
(14) 
Re-direction of 
ebb channel (14) 
Ebb channel 
migrated East (14) 
1936 Channel con-
fined to south side 
Moncks' Bay 
1938 Ebb delta mi-
grated north from 
Cave Rock to its pre-
sent position (14) 
1944 First documcn- 1940-49 Severe ero-
tation of sea lettuce sian of spit toe 
algae and Euglena 1947 Main flow 
slime (17) permanently trans-
ferred to south Mon-
cks Bay (14) 
1949 Erosion ceased 
after groyne fences 
constructed at spit 
toe (14) 
Industries on banks 
of Heathcote River 
Sydenham still 
major industrial 
area of Christ-
church, but many 
industries that 
prospered in iron 
working days are 
gone. Now, 1 tannery 
and fewer iron and 
brass foundries (22) 
Most roads scaled by 
(22) 
~ 
I-' 
Date 
AD 
1970-
1990 
Drainage 
1973 Pond 5 brought 
into operation (6) 
1973 Treatment 
plant stopped dis-
charging effluent 
over outgoing tide 
(6) 
1970's-1980's Sew-
ered areas extended 
to include Belfast 
and Sumner (2) 
Heathcote River 
1970 Severe loess 
runoff during period 
of land development 
in upper reaches (0) 
1970's River 
stopped receiving 
stormwater runoff 
(9) 
1986 Woolston cut 0 
Avon River Estuary 
1970's-198Q'? River 1970's Minor shifts 
periodical)y cleared in channel positions 
(9) (23) 
Flora and Fauna 
1972 Zostera 
spreading on both 
sides of Avon chan-
nel (20) 
Algaeabun-
dant to almost nui-
sance levels (6) 
1981 Zostera grows 
continuously over in-
tertidal area of es-
tuary (20) 
1980's Marked 
decrease in density 
of Luglea along 
southern shores and 
Heathcote Basin (8) 
Estuary mouth Industries on banks 
of Heathcote River 
1970's Minor erosion 1981 Christchurch 
and deposition Gas Works closed 
events (14) channels down (22) 
unchanged 
References: 1 Scott 1963; 2 Wilson 1989; 3 Hercus 1949; 4 Hoben 1914; 5 Morrison 1948; 6 Knox & Kilner 1973; 7 de Thier 1976; 8 Robb, Christchurch Drainage Board (CDB) 
1990; 9 Barr 1990; 10 McWilliam 1990; 11 Penney 1982; 12 Lamb 1981; 13 Greenaway 1976; 14 Findlay & Kirk 1988, 15 Penney 1982; 16 Thompson 1930; 17 Linzey 1944: 18 
Bruce 1952; 19 Webb 1965; 20 Gibb 1981; 21 Dobson 1930; 22 Pollard 1990; 23 Macpherson 1978; 24 McFadgen 1989; 25 Penney 1982. 
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sedimentation patterns including that of the Avon-Heathcote 
Estuary. 
When the Europeans arrived in 1850, the Polynesian 
population had dwindled as low as 400-500. At that time, 
the Christchurch area consisted of large swamps 
interspersed between sand-dune ridges and shingle lobes 
(Hercus, 1948; Morrison, 1948; Millward, 1975; Macpherson, 
1978; Wilson, 1989). The sand dunes occurred in rows along 
the coast. The older inland dune complexes were covered 
with grasses and manuka, whereas the youngest eastern most 
dunes were unvegetated and semi-artesian with tidally 
influenced groundwater (Scott, 1963). Low-lying swampy 
areas between the sand dunes were vegetated with rushes, 
flax, and ferns. Open areas of grassland were interspersed 
between the swamps and sand hills. Originally the estuary 
extended 50 to 100 m further north and west at the entry 
zones of the Avon and Heathcote Rivers respectively 
(Millward, 1975). 
2 • 3 AN OUTLINE OF THE HISTORY OF DRAINAGE OF CHRISTCHURCH 
AREA, 1850-1990 
2.3.1 1850 to 1875 
The early settlers found Christchurch difficult to 
drain because the area was low lying, with the city centre 
only 5m above sea level (Fig. 2.2; Wilson, 1989; Scott, 
1963). Initially the natural drainage system provided by 
the Avon and Heathcote Rivers and tributaries was utilised, 
and no drains were constructed before 1858 (Hercus, 1948; 
Morrison, 1948). During 1858, two stormwater drains were 
constructed; one leading into the Avon River via Fitzgerald 
Avenue and the other leading into the Heathcote River via 
Ferry Road and Radley Street (Table 2.1). However, due to 
the swampy nature of Christchurch, these first two drains 
had little affect and in 1861 many parts of Christchurch 
were still impassable due to accumulation of surface water 
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and mud in street-side channels, drains and gUllies. In 
1862, the canterbury Provincial Government constructed a 
few open drains and roadside ditches in an attempt to 
remove \later to the Avon and Heathcote Rivers. 
Despite this effort, the water levels were so high 
that in 1865 and 1868 major floods brought over 1m of water 
to the centre of Christc:t'lUrch (Hercus, 1948; Anderson, 
1949; Scott, 1963). By 1867 most of the major swamps were 
still undrained (for example Halswell, Hagley Park, 
Papanui). In 1871 the Fitzgerald Avenue and Ferry Road 
drains v1ere blocked so the provincial government commenced 
buildin9 a large stormwater drain, from Tuam Street, along 
Fitzgerald Avenue, and Linwood Avenue to the estuary at 
Canal RE~serve. The City outfall Drain as it is now called 
was completed in 1874 (Fig. 2.2; Hercus, 1948; Wilson, 
1989). But even this drain was not adequate and a 
sUbstant:ial area of Christchurch remained continuously 
waterlogged (Scott, 1963). 
2.3.2 1875 to 1900 
wi t:h the commission of the Christchurch Drainage Board 
in 1875, plans were immediately prepared to lower the water 
table and sewer the Christchurch area. The first stage of 
drain laying did not commence until 1877. Unfortunately the 
situation deteriorated in the meantime, as households and 
factories continued to cast refuse into side channels and 
swampy areas, and by 18BO the rivers themselves were 
polluted (Morrison, 1948). 
Bet:ween 1878 and 1880 the Christchurch Drainage Board 
constructed seven large stormwater drains to the Avon and 
Heathcot:e Rivers as well as making improvements to the City 
outfall Drain and the Ferry Road Drain (Table 2.1). Hence, 
by 1885 low lying areas of Christchurch were no longer 
permanently water-logged (Scott, 1963; Wilson, 1989). At 
the same: time many sewers were laid and the sewage farm was 
completEld at Bromley in 18B2. 
45 
ThE~ treatment of sewage originally involved pumping 
raw sewage to sand hills, and settling of solid matter in 
tanks which were cleared periodically. Subsequently, the 
sewage was applied to 17 paddocks where it filtered through 
sand before being channelled out to the estuary at a 
location near the northern outlet of pond 6 (Figs 1.0b and 
2.2; Scott, 1963). 
ThE~se initial stormwater drains and sewage systems 
were efeective in clearing up the problem of contaminated 
surface water. Unfortunately, throughout the 1880·s and 
1890's New Zealand suffered a. financial depression, hence 
very little work was undertaken during this period. 
ConsequEmtly, many roads and streets were not curbed or 
channelled, and the Richmond and st. Martins areas were 
still largely swamp. 
2.3.3 1900 to 1950 
Bet:ween 1900 and 1925 the area of the Christchurch 
DrainagH Board's jurisdict:ion expanded from Christchurch 
City proper (Fig. 2.2; area between Fitzgerald Avenue, 
Moorhouse Avenue, Rolleston Avenue and Bealey Avenue) to 
include st. Albans and Linwood (1903), Beckenham (1907), 
Richmond (1914), Opawa (1916), Avonside and st. Martins 
(1917), Woolston and Spreydon (1921), Bromley and Papanui 
(1923) (Hoben, 1914; Morrison, 1948). However, it was not 
until after the first world ~flar that Christchurch emerged 
from economic depression. 
During 1925 and the early 1930's sewers and stormwater 
drains were extended to t.hese outer suburbs, while the 
rivers and older drains were deepened and cleared. 
Addi tional drains were laid in areas not previously drained 
such as Fendalton, Bryndwr, Northcote, and Riccarton. 
During this period the drained and sewered areas of 
Christchurch were more than t:ripled (Table 2.2). 
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Table 2 .. 2 Growth of Seweredl Area of Christchurch 
Year Increment Total arl~a Increment City Growth 
in Years Sewered in area rate per 10 
(ha) sewered year (ha) 
(ha) 
1884 680 680 
1903 19 979 299 157 
1910 7 1520 541 
1914 4 1560 40 528 
1931 17 5265* 3705 2179 
1956 25 7709 2444 978 
1989 33 14422 6713 2034 
* Total sewered area tripl,~d between 1914 and 1931 
(Scott, 1963; Wilson, 1989) 
Throughout the rest of the 1930 I s, 40 I sand 50 I S 
drains and sewers were ext.ended and cleared as necessary 
(Hercus, 1948; Scott, 1963; Wilson, 1989). 
2.3.4 DRAINAGE OF CHRISTCHURCH AFTER 1950 
By the 1950's not only was treated effluent from the 
Bromley Treatment Plant I:mt,ering the estuary but also 
untreatHd domestic sewage from the septic tanks of st. 
Andrews Hill, Mt. Pleasant, Redcliffs, Moncks Bay, and 
Ferrymead (Fig. 2.2). At timef; there was more effluent than 
the paddocks at Bromley could hold, and some was run into 
a ponding area where it underwent secondary treatment 
before entering the Avon··Heathcote Estuary through the 
southern outlet. The secondary treatment involved oxidation 
and bacterial action (Bruce, 1952; Knox and Kilner, 1973; 
Scott, 1963). 
ThE~re were minor stormwater extensions and maintenance 
during the 1950' sand 60 's. After 1950 there was an 
unexpec1:ed population growth of Christchurch. As a result, 
between 1952 and 1962 the number of sewer connections 
tripled from around 20,000 to 60,000 (Wilson, 1989). 
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ConsequEmtly, it was necessary to upgrade the treatment 
works a1: Bromley. 
In 1962 the upgradE~d treatment process involved 
primary treatment using mechanically cleared screens, grit 
removal by aerated tanks, primary sedimentation with scum 
collection, trickling filters, anaerobic digestion of 
solids, and lagooning of the digested residue. Secondary 
treatment included biological oxidation in an oxidation 
pond series prior to discharge from pond 6 to the Avon-
Heathco1:e Estuary (Knox and Kilner, 1973). This treatment 
process is largely unchanged today, and has improved the 
charactHr of the effluent discharged to the estuary since 
1962. 
During 1968 the Redcliffs, Moncks Bay, st. Andrews 
Hill, flIt. Pleasant, and Ferrymead effluents were all 
diverted to the Bromley Treatment Plant. In addition, 
between 1968 and 1972 10 million litres per day of 
industrial waste was diverted to the treatment plant from 
the Woolston area. The industrial effluent had formerly 
dischar~Jed directly into th,e Heathcote River (Knox and 
Kilner, 1973). Consequently it was necessary to bring all 
6 ponds into use in 1973. ~~he treatment plant was extended 
further in the 1970's and 80's to accommodate the wastes of 
the out1ying Sumner and Belfast areas. 
ThE~ growth of the Christchurch area and diversion of 
untreatE~d effluents into the treatment plant has resulted 
in a qradual increase in the quantity of effluent 
dischar~Jed to the estuary along the western slopes (Table 
2.3) . 
Table 2 .. 3 
Year 
1929 
1958 
1963 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1986-89'if 
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Average Daily Flow of Treated Effluent from. 
the Christchurch Drainage oxidation Ponds to 
the Avon-Heathcote Estuary 
Volume (1000 m.3/day) 
36.7 
73.0 
77.1 
101.6 
96.2 
98.9 
105.7 
99.8 
100.7 
115.2 
128.8 
140.0 
(m.illion 
gallon/day) 
8.1 
16.1 
17.0 
22.4 
21.4 
21.8 
23.3 
22.0 
22.2 
25.4 
28.4 
31.0 
(Knox and Kilner, 1973 i *.1. Robb pers. comm, 
Christchurch Drainage) 
Before 1968, approximately 10% of the non-tidal water 
enterinq the Avon-Heathco"te Estuary was in the form of 
untreatE~d polluted wastes derived from septic tanks along 
the southern shores, industrial effluent entering the 
Heathc01:e River (10 million litresjday), and a starch 
Factory effluent (Humphreys Drive area). The rest of the 
non-tidal budget consisted of 20% from treated sewage 
effluen1:s along western shores, 59% from the Avon River, 
and 18% from the Heathcote River. In addition, the effluent 
from th(= ponds was discharged continuously throughout the 
tidal cycle, which resulted in considerable organic 
enr ichmEmt and eutrophica ticm of the estuary and lower 
reaches of the Avon and Heathcote Rivers (Knox and Kilner, 
1973). 
Several workers attempted to calculate the efficiency 
of tidal removal of effluEmt from the Avon-Heathcote 
Estuary.. Bruce 1952 estimated using salinity variations 
that 32 to 41% of the effluent that left the estuary in 1 
tidal cycle returned in the next. Knox and Kilner I s dye 
study indicated that the I=ffluent may take several tidal 
cycles t:o completely leave the estuary and as little as 15% 
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may leave in a single tidal cycle. Both studies contain 
many ass.umptions and generalisations in their calculations. 
NeverthE~less in 1973, the Christchurch Drainage Board 
discontinued effluent release during the flood tide (as 
recommended by Knox and KilnE~r, 1973). Today the effluent 
is discharged only during the first half of the ebb tide 
and rem,:::>val to the open ocean is more effective (Jones, 
1978) . 
At present the effluent from the ponds makes up about 
30% of the non-saline water discharging into the estuary. 
In addition, since 1972 all the untreated wastes have been 
diverted to the treatment plant eradicating much of the 
localisE:d organic pollution problems that existed along the 
southern shores and in the Heathcote Basin. 
2.4 CH.4I\NGES IN SEDIMENTATION PATTERNS IN THE AVON AND 
HEJ\.THCOTE RIVERS 
ThE: Avon and Heathcote Ri vers drain through swampy 
terrain of the Christchurch area. Both rivers originally 
had many tributaries, mos1: of which have now been 
channelled and piped as stormwater outlets. The river 
courses today are virtually permanent due to urbanisation 
of their catchments (Macpherson, 1978). Both rivers are 
spring fed with water derived from the Waimakariri River. 
2.4.1 Avon River 
Th(~ Avon River (Fig. 2.2), is 21 km long and uprises 
in Avonhead (Christchurch Drainage Board, 1988). The 
watershed of its catchments is 84.3 km3 and its average 
flow is 2.7m3 sec. 
Schooners used to carry freight up as far as the 
Barbadol:!s Street Bridge in th-;: early days (Morrison, 1948). 
Passeng'~rs were still bein9 f-;:rried from the Colombo Street 
Bridge to New Brighton in the 1880' s in the 14m long 
passengl:!r steamer "Diamond". However, in the late 1880 I s 
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the Avon River started b:> "silt up". In 1840 W. Deans 
introdu(:ed watercress, which by 1880 was trapping debris, 
and had spread to the point of choking many areas of the 
Avon River. With the cons.truction of Horners stormwater 
drain in the late 1870' s, thE: river catchment was reduced 
by 16.2 km2 as some of its, natural watershed was diverted 
to the styx River further north of Christchurch. At the 
same time (1878-80) 6 major stormwater drains were 
constructed, 3 of which emptied in the Avon River 
(Fitzgerald Avenue, Madras street, Riccarton Main Drain). 
Other small drains were also constructed that terminated in 
the Avon River. 
Prior to the 1880's, whenever there was heavy rain 
Christchurch was "studded allover with lakes" but after 
the construction of the main stormwater drains "every place 
was freE~ from water within half an hour" (Mr. Walkden, city 
Surveyor, 1887, in Lamb, 1981). The flushing of side 
channelB by heavy rains resulted in an enormous amount of 
sediment enter ing the Avon River. The sediment became 
trapped in the river bottc.m vegetation (Greenaway, 1976). 
A steam dredge the "Avonia" was employed by the 
Christchurch Drainage Board between 1894 and 1899 to cut 
weed in the Avon River throughout the city area (Greenaway, 
1976, Lamb, 1981). The river was polluted by domestic 
sewage and rubbish at this time. The dredge was successful 
in cutting weeds and clearing the city area of sediment 
which unfortunately blocked the river below Fitzgerald 
Avenue. In the early 1900'S the Avon River was only 3-4 
inches deep in many places whE:re it had formerly been 10-20 
feet. In addition, great bank,s of silt were forming in the 
lower r-eaches. The Christchurch Drainage Board was 
suffering from the general economic depression in New 
Zealand .. hence no improvemEmts were undertaken. By 1915 the 
mud was so thick that at low tide swans could walk across 
the river near the Fitzgerald Avenue Bridge (Lyttelton 
Times 20 January 1915). ThE!re is some evidence that silting 
may havl: started to reach the head of the estuary by 1915 
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(Greenauay, 1976). But generally, the incoming tide 
preventE!d the silt from travelling beyond the area of the 
river mouth. By 1920 the silting problem was enhanced by 
willow 9rowth in the river-bed (Press, 18 January 1921; 
Record New Brighton Council, 13 November 1920; 
1963). 
scott, 
In 1925 the Christchurch Drainage Board purchased a 
river sueeper which commenced work in July 1927 at Carlton 
Bridge and worked downst:ream. After 3 months it was 
downstrHam of Wainoni Br1dge and by 1930 it was 1 km 
upstream of the estuary (Lamb, 1981). The sweeper swept a 
3-4 fee1:: high mound of mud in front as it progressed down 
river. At the time it was impossible for launches to get 
upstream of the mass of mud (Greenaway, 1976; D. McKenzie, 
pers. corom.; Lamb, 1981). Almost all the sediment swept 
down thl~ Avon River in the late 1920 I sand 1930' s entered 
the Avon-Heathcote Estuary (Greenaway, 1976; D. McKenzie, 
pers.corom.). In the 1940's and 50's, the Christchurch 
Drainagl~ Board purchased dragline equipment for clearing 
the rivers and after 1950 most sediment was removed onto 
adjacen1: land (J. Pollard, pers. corom.). This method was 
used to widen the Avon River near the estuary (Seaview 
Road) in 1947-48 (Scott, 1963). Kerrs Reach cut was formed 
in 1949-·50. After 1950 the river was cleared and widened as 
necessary, but has never become as deep as it was in the 
1800's. 
2.4.2 Heathcote River 
Thl: Heathcote River (Fig. 2.2) is spring-fed from 
Wigram and flows slowly (1.1 m3 /sec) through its catchment 
(103.4 km3 ) around the northern perimeter of Banks 
Peninsula (Christchurch Drainage Board, 1988). Many small 
ri vers running from the Pc.rt Hills make up a third of the 
river catchment (Scott, 1963). The Heathcote River has a 
low flm-l but normally contains high suspended loads when in 
flood (Millward, 1975). 
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originally the lower reaches consisted of swampy 
terrain.. By 1853 this arE!a had been converted to dairy 
farms and orchards (de Thie:r, 1976; Morrison, 1948). In the 
early days, clearing of the Port Hills for farming caused 
severe E~rosion, but there .is no record of siltation in the 
Heathcote river before the 1880's. In fact, between 1850 
and 1867 over 240 vessels ranging from 10-120 tons and 
drawing up to 8 feet of wa1:er were employed on route up to 
Wilsons Bridge (de Thier, 1976; Penney, 1982). 
As mentioned earlier, throughout the late 1870' s a 
number of major stormwater drains were constructed in 
Christchurch. Drains entering the Heathcote River included 
Waltham Road Drain, Ferry Hoad Drain, and Wilderness Drain, 
as well as a number that followed natural stream courses 
such as Jacksons and Bells. Creek. In addition to carrying 
stormwajter, many of these drains also carried untreated 
industr.ial effluent (Wilson, 1989). 
By the 1880's and early 1890's the Heathcote River was 
also "silting up" as a result of stormwater runoff. In 
addition, the Woolston arE~a of the river was so polluted 
that virtually no plant life existed (Hercus, 1948; Robb, 
pers. c1:>rnID.). 
Siltation was particularly noticeable after the 
construction of the pres.;mt day market gardens in the 
Heathcote Valley area, between 1912 and 1914. Soil erosion 
greatly increased after the small holdings were taken up 
and much of the soil was removed by tunnel-gully erosion 
during heavy rain storms (Scott, 1963). The eroded soil was 
deposited on slopes of less than 3 0 and washed away during 
heavy rains. 
In the 1920's, willow growth within the river was 
trapping silt and rubbish, which resulted in serious 
flooding during 1925. In J.925 the river sweeper purchased 
by the Christchurch Draina.ge Board was used to clear the 
Heathcote River from Ford Road to Long Street (Fig. 2.2; 
all the Woolston area). Between 1936 and 1941, the river 
was also swept below Cashmere Bridge and straightened and 
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deepened (Scott, 1963). Nearly all the silt swept during 
the early period ended up in t:he Avon-Heathcote Estuary (de 
Thier, 1976; P. McWilliam, pers.corom.). Draglines were used 
to widen and deepen the Heathcote River during the period 
1945-19~59 in the lower reaches from Radley Street Bridge 
downstr~~am. This later method was more successful at 
removinq sediment onto the land than the earlier sweeping 
technique (H. Page, ex Christchurch Drainage Board, pers. 
comm.). Many deep channels were dug to trap silt in the 
1950's. During this time ma:jor floods brought much silt 
from the Port Hills which had to be removed by river 
sweeper and dragline during 1954-55 (Scott, 1963). 
In recent years (since the 1950' s) clearing and 
wideninq of the rivers has been undertaken less frequently 
because tar sealing of roads has reduced runoff 
consideJ:ably (J. Pollard, pers. comm.). 
2.5 HISTORICAL OBSERVATIONS THAT INDICATE CHANGES IN 
SE])IMENTATION RATES IN 'J~HE AVON-HEATHCOTE ESTUARY 
An extensive survey of the historical literature has 
revealed no record of sedimentation or water level changes 
in the Avon-Heathcote Estuary prior to 1920 (Table 2.1). 
Neither are there any significant changes reported at the 
estuary inlet prior to 1920 (Findlay and Kirk, 1988). 
In 1907 the tram causeway was constructed across 
McCormacks Bay (Fig. 2.2). At the time Skylark Island, 
which ~ras vegetated and grazed, existed just north of 
McCormacks Bay. After construction of the Causeway, the 
Island began to erode as the Heathcote channel was diverted 
northward. By 1922 Skylark Island was reduced to mud flats 
(Findlay & Kirk, 1988). Erosion was enhanced by burrowing 
crabs (Penney, 1982). It was during 1921 that George 
Andrews of the Christchurc:h Yacht Club had to restake the 
channel::; in Moncks Bay and the first major erosion occurred 
at the tip of Brighton Spit (Findlay and Kirk, 1988). It 
can be inferred that erosion of Skylark Island, brought 
Fig . 2.6 Painting of a large sailing vessel the 
"Minnie" near Radley Street Bridge in 
1880 (de Thier, 1976). 
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about by the construction of the causeway, contributed to 
changes in the channels in Moncks Bay and erosion at the 
spit end during the early 1920's. 
2 • 5 • 1 I)hotographic Record:; 
In 1850 the Heathcote River channel was the deeper of 
the 2 channels that flowed out through the Avon-Heathcote 
Estuary, hence was the preferred route for trade (Penney, 
1982). Fig. 2.6 shows captain P.J. Messervey sailing a 
large vE~ssel the ("Minnie") near the present Radley street 
Bridge in 1880 (de Thier, 1976). There is no mention of 
water IE!vel problems in the estuary or rivers at this time. 
The only problem ships suffered was negotiating the tight 
bends in the Heathcote Ri VE~r . 
Several lines of phQtographic evidence demonstrate 
that the estuary did not "silt up" substantially prior to 
1920 (Figs 2.7a, b, c, from de Thier, 1976). Figure 2.7a 
provides a scale for Fig. 2.7b (see Fig. caption). Figure 
2.7b is a view looking west across Humphreys Drive from the 
Ferrymead Bridge during t.he first world war (1914-18). 
water can be seen right out to the edge of the Heathcote 
Basin at: low tide. This photograph was taken by David Barr 
(89 year-old resident of Redcliffs), who can remember 
sailing into the Humphreys Drive area in a 34 foot skimmer 
at low tide before World War 1. Mr. Barr remembers that 
there wa.s a deep channel in the Heathcote depository at 
this tine and boats with 12-15 foot keels used to moor at 
the Ferrymead Bridge. 
Figure 2. 7c dates 1927-28 (de Thier, 1976). This 
photograph looks south-east across the Heathcote Basin at 
low tidE! to the former Martens Jetty below st Andrews Hill 
(Fig. 2.2). The photograph shows no sign of the deep 
channel of the Heathcote RivE~r and the mudflats are fully 
exposed. Figure 2.7c contrasts with Fig. 2.7b, which shows 
the mud flats covered with water at low tide. The 2 
photographs reveal that rapid sedimentation of the 
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Fig. 2.7 
a) 
b) 
c) 
Photographic Rt~cord of "Si I ting" in the 
Heathcote Basin between 1918 and 1928. 
Jetty formerly located north of Ferrymead 
Bridge in 1880 (de Thier, 1976). This 
photograph provides a scale for Fig. 2.7b. 
The piles holding UP the jetty are as wide 
as the adul ts \~alking on the jetty (ie over 
1 foot wide). The jetty has long since 
dissappeared. 
A view looking west across Humphreys Drive 
from Ferrymead Bridge during the First 
World War (1914-1918). Water extends right 
out to the edge of the Heathcote Basin at 
low tide. The same jetty as in Fig. 2.7a 
is in the middle of the picture. In Fig. 
2.7b the piles holding UP the jetty contain 
water marks 4 1:0 5 feet above the water 
surface (judging by the 1 foot thickness of 
the pi les), whjlch indicates that the tide 
is almost completely out. Similar water 
marks are also visible on the piles where 
the boat is ma>red (D. Barr, pers. comm.). 
View looking southeast across the Heathcote 
Basin at low ttde to the former Mortens 
Jetty below St Andrews Hill in 1927-28 (Fig. 
2.2). This ph01:ograph shows the mud flats 
fully exposed, which is in contrast to Fig. 
2.7b (Sumner Htstorical Society). 
57 
Heathc01:e Basin occurred bt:tween 1918 and 1928. 
2.5.2 Observations by Local Residents 
Walter de Thier lived in the vicinity of the Avon-
Heathcot:e Estuary all his life and was a pioneer in 
development of the dry lands of Banks Peninsula, Port 
Hills, Sumner, Mt. Pleasant, and st. Andrews Hill. In his 
book (dE! Thier, 1976) he writes about his own observations 
of silting in the estuary during the late 1920's and 30's. 
In 1921 Mortens Jetty was built directly below st. Andrews 
Hill Quarry (Fig.2.2). In the early 1920's the beach 
surrounding the jetty was composed of blue clay and sand. 
At this time the Heathc01:e channel extended right into 
Humphreys Drive before taking a loop back to the site of 
the jetty (loop 1, Fig. 2. 8a). De Thier describes the 
disappearance of the meander loop as the Heathcote River 
brought silt down from the Port Hills and works at 
Woolston. De Thier explains how, during 1926, the river 
sweeper "sluiced 60 years of accumulated mud and filth" 
from th«~ Avon and Heathcot:e Rivers into the estuary. The 
mud carried effluent and "Vlaste from industries along the 
banks of the Heathcote River to the estuary. As sediment 
filled the loop, the channel was diverted towards the 
jetty. De Thier states thclt "black banks were formed and 
channels were blocked, as 1:he ebb and flood tide met, such 
a bank built up opposite Mortens Jetty which forced the 
stream ()ver and the break vlork and steps were undermined." 
George Andrews was a well known yachtsman sailing on 
the estuary between 1895 and 1952. In page 2 of his notes 
(held by Dr J. Robb, Christchurch Drainage) he writes "The 
greatest: change that has com4= over the upper part of the 
estuary has been the disappearance of the seagrass, the 
10werin<;J of the mud flats, and silting up of the channels. 
I estimate the lowering of the mud flats has been from 1-2 
feet over the greater part:. The old channels have almost 
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entirely silted up and shallow new ones acting as drains 
and taki.ng a more direct course to the outlet, have in part 
taken their place." This statement mentions lowering of the 
mud flats, which indicates major erosion as alleged by 
Macpherson. However, Andre'iIls clarifies this point on page 
3 of his notes: "Without going into figures, it can be 
concludE~d that 1~ feet more water over the whole estuary 
would bE! a tremendous increasE~ in the volume of water going 
in and out each side of high water. Changes with a sandy 
outlet were bound to happen. II Hence, Andrews is more likely 
referring to an increase in the tidal compartment, than 
erosion of the estuary bed. 
It: is not known exactly when George Andrews notes 
were written, but it must have been after 1940 because he 
mentions the straightening of the channels, which was not 
apparent: until well into the 1940's (see, later 
discussion). 
Referring back to Kirk and Findlay's tidal compartment 
curve (Fig. 2.4) an increase of approximately 35% occurred 
between 1850 and 1940 which corresponds to a water depth 
increasE~ of about 2 feet (assuming the average high tide 
level is. 5 feet above the low tide level). In addition, the 
sea leVE!1 rose about 8cm bE!tween 1850 and 1940 (D. Carver, 
Christchurch Drainage, pers. comm.). 
David Barr noticed that rising water levels during 
the 1930's and 1940's caused considerable erosion at 
Beachville. During that time the retaining wall at 
Beachville was extended upwards to prevent serious damage 
to property (Fig.2.2). David Barr also had a bach (holiday 
home) at Rockinghorse Road on the South shore (Fig.2.2), and 
remembers erosion problems in the area around 1940. Barr 
claims t:hat silting of the estuary was mainly confined to 
the channels and that mos't other changes to the estuary 
were related to channel movement. 
Another elderly resident of the area, Joan Ritchie, 
remembers sailing from Moncks Bay to the jetty at Jellicoe 
Park in 1920 and that a deE!p channel (Jellicoe Loop) swung 
N 
\ 
a) 1920 b) 1944 
c) 1952 d) 1965 -1988 
Fig. 2.8 Changes in the~ Configuration of the Channels 
in the Avon-He,athcote Estuary from 1920 to 
1988 (Bruce. 1952; Christchurch Drainage Board 
(COB). 1988; Knox and Kilner. 1973; Linzey. 
1944; Macpherson, 1978; and Webb, 1965). 
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eastward in front of the park (Fig. 2.8a). At the time of 
the Firsit World War, large sailing vessels with deep keels 
tied to the Jetty. 
During 1935-36 the shallowing and silting problem in 
the estuary seriously hinder,ed yachtsmen of the Pleasant 
Point Yacht Club (Penney, 1982). 
By 1948 the continued shallowing of the estuary was 
causing fUrther problems for yacht races (Penney, 1982). 
stan Rule (Sumner Historical society) was involved 
with drain laying in the mud flats of former Skylark Island 
around t:he 1960 I S and has noticed since then that about 1m 
of erosion has exposed the pipes. Mr Rule stated that the 
erosion appears related to channel movement. 
2.5.3 Scientific Observations 
Thclmpson (1930) made a full biological survey of the 
Avon-Heathcote Estuary during 1928-1929 and described the 
sediment as follows, "NE!ar the channels, except for 
extensive sand in Moncks Bay, the mud is soft and heavy, 
grey on top and a black evil smelling substance 
below .... nothing but heavy mud occurred at low water and 
this merged into clay at the high water mark". Thompson 
describE!s the shores as s.:>ft mud banks riddled with the 
burrows of the crab crassa. 
Linzey (1944) made a hydrographic survey of the 
estuary in 1943 and describes the bed of the estuary as 
"fairly compacted" except around the outlets of the sewers. 
He mentions that the clay banks near the Heathcote River 
were suffering serious damage between the tide marks caused 
by crabs burrowing. Linzey's survey shows a large loop in 
the Heat:hcote channel acrOBS the western flats in front of 
the Sewage Farm (loop 2; Fig.2.8b). At the same time the 
Avon channel formed a large meander in front of Jellicoe 
Park (Je:llicoe loop); and the channel split in two opposite 
Caspian Street (see Fig. 2.2 for location), one branch 
flowing over the eastern flats to Moncks Bay, the other 
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branch flowing south to join t:he Heathcote channel opposite 
the eastern end of the causeway across McCormacks Bay. 
Linzey describes the surface sediments of the estuary as 
more or less homogeneous mud with material on higher slopes 
generally coarser than nearer the channels. Sediment near 
the sea is described as coarser than nearer the head. 
ThE! map of Bruce (1952, Fig. 2. 8c) shows that loop 2 
had disappeared (in the Heathcote Channel) except for a 
small arm extending west below a new loop 4 formed by 
effluen1: discharge from the more southern outlet of the 
sewage ponds. Loop 1 had also decreased in size since 1944. 
It is clear that the two river channels straightened 
between 1944 and 1952. By 1952 the Avon meander in front of 
Jellicoe Park had almost disappeared and the split in the 
channel had migrated a con:;iderable distance south towards 
Moncks Bay. The straighteninq of the channels corresponds 
with the sediment accumulation in the channel meanders 
descr ibE~d by Andrews, Barr, and de Thier. These two maps 
(Fig. 2.8b and 2.8c) also show that between 1944 and 1952 
that the three channels in Moncks Bay migrated south 
forming a large single channel. 
The positions of the channels from 1962 to 1988 are 
shown in Fig. 2.8d. The positions have changed little since 
1952, except the Avon channel has migrated westward in the 
northern area of the estuary. By 1988 the northern margins 
of the subtidal channels in front of the ponds had almost 
closed reforming the old loop 2. Also a small subtidal 
channel of the Avon River has formed along the eastern 
shores (Christchurch Drainage Board, 1988). The relative 
stabili1:y of the channel posi1:ions from 1962-1978 indicates 
that sometime between 1952 and 1962 the water and sediment 
budget to the Avon-Heathcote Estuary stabilised and the 
period of rapid mud deposition ended. 
Millward (1975) described the surface area of the 
estuary consisting of finE~ sand and mud with the highest 
percentage of mud near the river entrances, on the western 
and eas1:ern shores adj acent t:o the old meander loops. 
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a 
b 
Fig. 2.9 Southward View of the Mactra ovata Shell 
Beds adjacent to the Avon River channel 
near Pleasant Point (Fig. 2.2). Fig. 2.9a 
was taken in 1975 (Harrison, 1976) and Fig. 
2.9b in 1988. Comparison of the two 
photographs indicates that the Avon River 
has eroded less than 1m westward into the 
shell beds over the period 1975 to 1988. 
(Slight differences between the two views 
include: 1) Fig. 2.9b was taken standing at 
approximately the position where the shell 
beds cross the black horizontal line in Fig. 
2.9a, hence the small channel is behind the 
photographer, 2) the tide is slightly further 
in (by about O.75m) in Fig. 2.9b than in Fig. 
2.9a; the arrow marks the position of the 
channel, 3) the photographer probably knelt 
while taking Fig. 2.9a, whereas the author 
stood while photographing Fig. 2.9b, and 4) 
Fig. 2.9a was taken using a wide angle lens, 
hence the background is enlarged relative to 
the foreground in Fig. 2.9a which slightly 
distorts a clear comparison between the two 
photographs.) 
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Millward observed a sand layer beginning to cover the 
eastern shores. Macpherson (1978) made similar observations 
but obsHrved a reduction in 1:he size of the muddy area on 
the eaE,tern shores. Macpherson concluded from surface 
sedimen1: studies that in most areas, sediment is being 
actively deposited in the Avon-Heathcote Estuary, under the 
influence of tide, wind, and wave action, but intense 
bioturbation is causing E,lol" sediment removal from the 
estuary. 
The photographs in ::<'ig. 2. 9a and b are taken about 
100m sotLth of Bridge st bridge looking south along the Avon 
ChanneL The first photograph (Fig. 2. 9a) was taken by 
Harrison (1976) and the second photograph (Fig. 2.9b) by 
myself in 1988. The two pictures have been scaled to 
equivalence (horizontally and vertically) using the hills 
in the background. Taking the differences into account 
(noted in the Figure caption), a comparison shows that in 
the last 12 years the Av<:m River has cut less than 1m 
westward into the Mactra Qvata shell beds. The shell beds 
are 5 em thick and the shells are in life position. 
Harrison reported the same thickness in 1975, which 
indicates that insignificant surface erosion or deposition 
has occurred in this part of the estuary over the last 12 
years. These findings suggests that the estuary has 
stabilised in recent years except for slight shifting in 
the channels. 
Today the surface sediment of the Avon-Heathcote 
Estuary consists mainly of muddy sand with only small areas 
of over 50% mud, which include the Avon and Heathcote 
depositories and zones near the channels. 
The observations of ch.anges in 1) sedimentation and 2) 
channel positions strongly suggest that the estuary was 
filled \vith a blanket of mud between 1925 and about 1952. 
This blanket of mud is probably unit C sediment of 
Macpherson (1978) (see Chapter 3 for discussion of 
subsurface sediment). The disappearance of the loops in the 
Avon and Heathcote channt~ls and the straightening and 
1851. - 1938 
Fig. 2.10 
Sumner 
Beach 
1951-1955 
C 0 
191.6 - 191.9 
1975 
:\ 
'\ 
. Cove Rock 
o SOOm 1 II! ! , 
"') 
\. 
\ 
Summary of changes to the estuary mouth 
between 1854 and 1978 {Findlay and Kirk, 
1988).=== , cha~nel cut by Navy in 1916. 
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widening of their courses corresponds with 1) the 
increasing tidal compartment and 2) the gradual build up of 
silt on the eastern and western shores, and Avon and 
Heathcot,e depositories. Somewhere between 1952 and 1962 the 
mud depc)sition slowed and estuary conditions stabilised, as 
indicatE!d by the uniform pattern of the channels between 
1962 and 1978. Recently, further stabilisation of the 
estuary is suggested by the gradual formation of meanders 
near the former channel loop positions. 
2.6 HISTORICAL CHANGES TO THE ESTUARY MOUTH 1850-1988 
Detailed historical records of changes to the estuary 
inlet are presented by Macpherson (1978), Findlay (1984), 
Kirk and Findlay (1988). The historical records show very 
little change to the estuary mouth between 1847 and 1910 
(Table 2.1). During this period there were three channels 
in Monc:K:s Bay, their posi1:ion variable. The main channel 
discharged to sea just north of Cave Rock (Fig.2.10a). A 
large sand bar (Sumner Bar) extended south east off the toe 
of the spit. 
During World War I a channel was cut across the Sumner 
Bar by the Navy (Penney, 1982). Between 1918 and 1922, 
during 'the time that Skylark Island was eroding (Section 
2.5), there was a large build up of sand at Clifton Bay and 
22 acreB of land was eroded from the toe of the spit. 
In the late 1920's more significant changes commenced 
at the 4~stuary mouth. Firstly, in 1929 a new mouth opened 
up beside the Naval ReserVl3 channel across Sumner Bar, and 
severe erosion occurred in late 1930 to the toe of the 
spit. While Clifton Beach w'as prograding in 1929-33 the ebb 
channel was gradually re-directed across the bar (George 
Andrews,; Findlay and Kirk, 1988). By 1936 the ebb channel 
had movE~d north 150m, after the spit hook formed. The spit 
hook in1:erfered with the northern most Moncks Bay channel, 
because by 1936 the flow was confined for a period to the 
southern side of Moncks Bay. During 1938, the main ebb 
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delta migrated north from CaVE~ Rock to its present position 
where i1: has remained (Fig .. 2 .10b). This event was followed 
by severe erosion to the spit tip between 1940-49. Around 
1947, the main flow was transferred permanently to the 
southern most channel in M,::mcks Bay. 
~['he spit end and its hook consolidated and 
stabilised after the construction of fences and drum 
groynes during 1949-50. During 1964-70 there has been 
slight progradation of the spit with minor erosion 
episodes. The 1970's and 80's has also seen minor erosion 
and accretion of the spit. However at the present time the 
spit's configuration is similar to that of 1975 (compare 
Fig. 2.10d and Fig. 2.11). 
Findlay and Kirk (1988) and Macpherson (1978) 
concludl~d that the changes in the estuary inlet between 
1920 and 1950 were initiated by the increasing tidal 
compartment. These workers believed that when the tidal 
compartment reached a level b.~yond the pre-European high of 
8 x 106 m3 , the inlet changed its configuration to 
accommodate the increasing flow. 
Findlay and Kirk suggested that the changes at the 
mouth may have been initiatE~d by the erosion of Skylark 
Island between 1910-20. Th,ese authors view Christchurch as 
a continuous area containing uniform proportions of 
unsealed to sealed surfacHs and noted that the growth of 
the urban area of Christchurch parallels the growth of the 
tidal compartment until 1925 when urban growth rapidly 
accelerates. They suggest that during the 1920's and 30's 
the est~uary reached a size beyond which the inlet was 
forced on it the change, from a bar dominated configuration 
to a mixed tidal and bar dominated conf iguration, to 
accommodate the increased flow. Post 1950 accretion and 
stabili:3ation is interpret.~d to indicate that the inlet has 
fully adjusted to the 1940-50 tidal compartment. 
Th,e construction of groynes and fences at the end of 
the spi 1: probably had a marked affect on spit stabilisation 
over th.~ last 40 years despite the rapidly increasing tidal 
compartment (Fig. 2.4). 
Fig. 2.11 The estuary mouth, 13 April 1991 
(l.J. Brown, N.Z. Geological Survey 
pers. comm.). --In 1991 the pOsitions 
of the channels and bars are similar 
to those in 1975 (Fig. 2 . 10d) 
indicating that the spit toe is 
stable. 
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2 .. 7 OBSERVED CHANGES IN Fl:A>RA AND FAUNA OF THE AVON-
HD.THCOTE ESTUARY 
2 .. 7 .. 1 I:elgrass (Zostera nana) 
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Thel eelgrass (or seagrass) zostera nana grew 
prolifically throughout the estuary prior to 1928 (David 
Barr anCl Joan Ritchie pers.comm.). Before the causeway was 
built in 1907, Zostera grew lushly in deep channels in 
McCormac:ks Bay, where eels could be seen feeding (de Thier, 
1976). II-round 1910 about 10 families made their living by 
collecti.ng shrimps from thE~ eelgrass beds around the Avon-
Heathcot:e Estuary (Gibb, 19131; ogilvie, 1978). A local 
resident:, David Barr, has a photograph dated 1910 showing 
the eelqrass growing in thick patches along the banks of 
the low tide channel near Beachville Road. George Andrews 
mentions: that the eelgrass grew everywhere between the 
channels: and the shoreline except for a small patch, 1km 
radius, down stream of the Heathcote River Bridge. Andrews 
descr ibe!s near the channel edges, an anaerobic black layer 
of mud existing beneath the plant beds, above a soft puggy 
clay. GBorge Andrews noticed that Zostera disappeared at 
the SamE! time channel erosion commenced. 
In 1928-29 Thompson (1930) recorded zostera growing 
very sparsely and could not see any particular reason for 
dwindling plant numbers, because at the time Zostera was 
growing well in others areas of New Zealand. By 1952 
Zostera had almost comple"te1.y disappeared and was found 
growing only in small arE~as near South Brighton Bridge 
(Bruce, 1952). South Brighton Bridge, incidently, was one 
of the most organically polluted areas in the estuary at 
the time. However, by the 1960 I s Zostera numbers were 
increasi.ng in abundance and vlere recorded, in addition to 
New Brighton Bridge, along the Avon channel and near the 
causeway (Gibb, 1981; Webb, 1965). Observations by Cameron 
(1971), Knox and Kilner (1973) and Macpherson (1978) reveal 
Zostera numbers were vastly higher in the 1970's. By then 
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Zostera had extended to dense patches on both sides of the 
Avon and Heathcote channe18 and other central parts of the 
estuary. In 1981 Gibb recorded the eelgrass growing 
continuously and densely over most of the tidal area of the 
estuary. 
The cause of the disappearance of Zostera from the 
Avon-Heathcote Estuary has received much debate over the 
last 40 years. Other varieties of Zostera began to 
disappear from river and estuary beds in North America and 
Europe in the 1930's and re-established again in the 1950's 
(Marger and Milne, 1951). Some of the disappearance has 
been traced to attack by fungi and parasites, while others 
were thought to be relatE!d to industrial pollution and 
silting. In the mid 1930' s, Zostera beds in Hobson Bay 
Estuary, Auckland Harbour, were destroyed by rapid sand 
deposition (Hounsell, 1935). Macpherson (1978) found large 
clumps of Zostera leaves in Unit C sediment in many of his 
cores. 
It seems unlikely that the Zostera beds of the Avon-
Heathcot:e Estuary were attacked by fungi because (1) 
Zostera was widespread in other areas of New Zealand 
(Parenga Harbour, Stewart Island), and (2) there is no 
record of Zostera beds attacked by fungi in the Southern 
Hemisphe!re at the time. Domestic and industrial pollution 
is also unlikely to be the cause of Zostera disappearance 
because, in 1952, surviving plants were in the most 
polluted area of the estuary near the northern outlet of 
pond 6. 
The disappearance of Zostera beds correlates closely 
in time to the silting of the estuary, and changes to the 
inlet, between 1927 and 1952. Hence it seems likely that 
the Zost:era beds were siltE!d up in the early 1930' s at the 
same time other changes occurred in the estuary. 
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2 • 7 • 2 lllgae 
2 • 7 . 2 • 1 Ulva and Enteromol::lill51 
Blue green algal blooms are frequently associated with 
"cuI tural" eutrophication of estuaries (Knox and Kilner, 
1973). Sewage effluents are normally rich in nitrogen and 
phosphorous compounds which stimulate algal growth. When 
high numbers of algae die they increase in the level of 
organic detritus in the sE~diment, which is the principal 
source of energy for mos1: benthic dwellers. Hence, the 
numbers of crabs, mud-flat snails, shellfish, worms, and 
shrimps rapidly multiply. In addition, organic matter decay 
leads to oxygen depletion in sediments. In the resulting 
anaerobic environment, heavy metals are remobilised from 
sediment surfaces, and become preconcentrated in the pore 
waters (Chapter 1) . Such conditions increase the 
bioavailability and toxici1:y of heavy metals. 
ThE! algae species UIva lactuca (sea lettuce) and 
Enteromorpha were practically absent from the Avon-
Heathcote Estuary before 1946 (Thompson, 1930; Bruce, 
1952). Both species were abundant in 1949, however, and 
inCreaSE!d dramatically be1:ween 1950 and 1960 (Knox and 
Kilner, 1973). 
Knox and Kilner studied the ecology of Ul va and 
Enteromorpha and attributed their rapid spread to an 
inCreaSE! in 1) nutrient input to the estuary from the 
sewage E!ffluent, 2) summer temperatures, and 3) numbers of 
cockle shells. During the winter, these drift algae survive 
as reduced water plants attached mainly to cockle shells, 
where they remain dormant until spring. During spring the 
algae grow and become buoyant enough to float. Their 
distribution patterns are related to water circulation 
patterns. Knox and Kilner's report contains photographs 
showing 100% algae cover of Humphreys Drive area and 
MCCormacks Bay in the early 1970's. 
The blue green algae are still extremely abundant in 
the Avon-Heathcote Estuary. IN'hen these species die their 
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decomposi tion commonly caus.es high levels of organic matter 
in the Humphreys Drive and McCormacks Bay areas. 
2.7.2.2 Green Slime (Eughma) 
A yellow green slimy flagellate is found on the 
surface sediment in front of the outlets of the sewage 
ponds on the western slopes of the Avon-Heathcote Estuary. 
Euglena is a particularly E;ensitive indicator of pollution 
because it thrives in environments high in organic matter 
and nutrients (Knox and Kilner, 1973). 
Frc>m the early 1950's to early 1970's, very dense 
populations, up to 700, 000/cm3 , occurred in front of 
effluent: discharges from the Provita Starch Factory 
(HumphrE~Ys Drive), and sep1:ic tanks from st. Andrews Hill, 
Ferrymead, Mt. Pleasant, Moncks Bay and Sumner; as well as 
in fron1: of the oxidation ponds, and at the entrances of 
the two rivers. 
WhEm Euglena is presemt it deprives the sediment of 
oxygen resulting in anaerobic black sediment rich in H2S. 
After the Starch Factory closE~d (1968) and the Ferrymead to 
Sumner effluents were diverted to the treatment plant, 
Euglena numbers decreased markedly in these areas (Knox and 
Kilner, 1973; J. Robb, pers.comm.). Since the ponds stopped 
dischar9ing during the flood tide, effluent is no longer 
swept up the rivers, and Euglena numbers have also 
decreasE~d in sediments at ·the river entrances. 
2.7.3 Shellfish 
ThE~ muddy reaches of the Avon-Heathcote Estuary are 
rich in macro-invertebrates particularly the mud snail 
(Amphibc)la crenata), cockle (Stutchyburyi §.R) and crab 
(Helice crassa). These three invertebrates have greatly 
increasE~d in abundance since 1930 due to an increase in the 
organic r nutrient and mud content of the sediment (Knox and 
Kilner, 1973). These shellfish are particularly abundant in 
the Heathcote Basin area and in front of the sewage ponds. 
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A death assemblage of a burrowing bivalve Mactra ovata 
is expc·sed within unit C sediment at Pleasant Point 
(Fig.2.9). Macpherson (1978) suggested that this assemblage 
was killed by rapid deposition of unit C. Unit C also lacks 
all other species of ostracods that are found in sediment 
above and below the unit, E!XCept Callistocythene reoplana, 
which thrives during conditions of rapid sedimentation. 
Macphers;on suggests that the rapid sedimentation of unit C 
may hav,; caused mass mort.ality of many micro and macro 
invertebrates, which have recently recolonised. 
2.8 INDUSTRIAL ACTIVITY ALO}JG THE BANKS OF THE HEATHCOTE 
RIVER 
From 1860 to 1973 the Heathcote River was severely 
polluted by industrial act:ivity along its banks (Hercus, 
1948; Knox, and Kilner, 1973; Morrison, 1948; Wilson, 
1989) . 
During the 1850's few industries had developed (Table 
2.1). A.t the time there was 1 iron foundry, several 
breweriE~s, a sawmill, and few other shops. 
By 1860 coal was being brought in by ships to the 
Railway at Ferrymead. As a consequence industries thrived. 
In 1864 the Woolston area housed 36 builders, 2 carriage 
builders, 2 brick makers, 4 carriers, 2 iron foundries, 
sawmills, 5 iron mongers, a moulder, 6 tinsmiths, 2 zinc 
works, 7 blacksmiths, 1 fellmonger, a brewery and other 
industries. All industries discharged untreated wastes 
directly into the HeathcotE'! River (Hercus, 1948; Morrison, 
1948) .. 
Industries developed further by 1874 to include 8 wool 
scours, 7 tanneries, 1 soap and candle factory (located in 
the Humphreys Drive area, ~/hich discharged wastes directly 
into the Avon-Heathcote Estuary), and several glue 
factoriE~s . 
By 1884 there were 8 tanneries, 2 lime kilns, and many 
iron and brass foundries making implements for agricultural 
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purposes. 
In 1903 Christchurch (Woolston and Sydenham) was the 
principal iron working district and chief industrial centre 
of New Zealand (Hercus, 1948; Hoben, 1914; Morrison, 1948). 
At the time there were 10 t,anneries, and a large population 
employed in making railway rolling stock and agricultural 
implements. "As a commercial centre the city drained the 
trade of one fifth of the population of New Zealand" 
(Hercus, 1948). Over 4~ million litres of industrial 
effluent discharged to the Heathcote River each day (Dr. J. 
Robb, C:nristchurch City Council, pers. comm.). However, 
"many industries such as small tanneries, lime kilns, and 
wool works were very short lived" (Morrison, 1948), and by 
1915 B01i,rons Tannery was the only tannery operating. 
During the booming industrial period, coal was the 
principal fuel burned to qenerate steam. The atmosphere, 
particularly in the industrial area, was described as "very 
dark and murky with black soot covering many buildings" 
(Hercus, 1948). 
Electricity was introduced after 1913, but most 
industries continued to burn coal as their main fuel. One 
of the most prolific coal burning industries was the 
Christchurch Gas Works. There have been many spills from 
the gas works since the 1860's, with serious spills in the 
1950's emptying coal, coke and tar grit into the Heathcote 
Ri ver at Bells Creek. The: Christchurch Drainage Board's 
dredge removed 100-1000' s of tons of black sediment from 
the Heat:hcote river during thE~ late 1950' s (David Bar I pers 
comm.; Knox, and Kilner, 1973; J.Pollard (ex Christchurch 
Gas Works), pers comm.). Spills from the gas works and 
other industries caused thE~ Heathcote River to deteriorate 
ecologically between 1956 and 1968. During this period the 
river bHd between Bells Creek and the Tunnel River Bridge 
was described as black glutinous mud which released H2S 
when disturbed (Cameron, 1970). The river water in this 
area was devoid of oxygen and the sediment absent of animal 
life (Christchurch Drainage Board, 1988). 
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Before 1971, over 10 million litres per day of 
effluent:s from over 150 firms discharged directly into the 
Heathcot:e River. Around this time, a battery factory 
effluent: entering the river frequently contained Pb 
concentrations 10-8400 ~g/ml (Christchurch Drainage Board, 
1988). Eietween 1971 and 1973, after the construction of the 
Woolston Industrial sewer, all such effluents were pumped 
directly to the Christchurch Drainage Board Treatment 
Plant. (Knox, and Kilner, 1973; Dr J.Robb, pers corom., 
Christchurch City Council). One of the few remaining 
effluent:s was that of the Christchurch Gas Works, which 
continuE~d discharging into the Heathcote River, via Bells 
Creek, 1.mtil it closed in 1981 (J.Pollard, pers corom.). 
Since the industrial effluEmts were removed from the river 
in 1973, the water and sediments have shown considerable 
improvement and shellfish are slowly recolonising the area 
(J. Robb, Christchurch Cit~{ Council, pers comm.). 
ThE~ types of contaminants most likely to have affected 
the bed of the Heathcote River and the Heathcote Basin area 
of the E~stuary over the years 1860 to 1973 include As, Cr 
(from tanneries), Pb (from battery factories), HCl (from 
glue works), acids, alkalis, and sulphur compounds (from 
woollen mills), calcium bisulphate (from wool scours), 
acid, a:nd heavy metals such as Pb, Cu, Zn, Cr, Ni, Fe, 
(from mE!tal works), tars and oils (from the gas works), and 
atmosphE~rically derived coal and coke particles (from coal 
burning) . 
2.9 SYllTHESIS OF HISTORICAL DATA 
The historical analysis of changes in sedimentation 
patterns in and around t:he Avon-Heathcote Estuary has 
yielded no data on the estuary proper prior to 1910 (Table 
2.1). However, during this early period major industrial 
activity in the Woolston and Sydenham areas most likely 
supplied heavy metals to Heathcote River and Avon-Heathcote 
Estuary sediments. 
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ThE~ first changes in sedimentation patterns were 
conf ined to the area near the mouth of the estuary. The 
construc:tion of the causeway across McCormacks Bay in 1907 
diverted the Heathcote channel across Skylark Island. The 
disappearance of the Is;land between 1918 and 1922 
corresponds with channel changes in Moncks Bay, severe 
erosion at the spit end, and a build up of sand on Clifton 
Beach. 
ThE~ events that lead to the major "silting" phase in 
the est.uary started during the early urbanisation of 
Christchurch. Between 1875 and 1880 7 major stormwater 
drains ""ere built all leading to the Avon and Heathcote 
Rivers, except the City Outfall drain which emptied 
directly into the estuary. These drains successfully 
lowered the water table of Christchurch. However, during 
heavy rain and floods large quantities of surface soils 
were carried with stormwatHr into the rivers. As a result, 
the rivE~rs shallowed rapidly. The construction of the City 
Outfall Drain in 1874 may have initiated "silting" in the 
Heathcote Basin area of the estuary; however there is no 
supporting evidence in the given review. 
ThE~ ongoing coal burning and industrial activity 
centred in the Woolston area would have increased heavy 
metal and coal particle fluxes to the Heathcote River after 
1860. However, the rapid mud deposition may have diluted 
the levE~ls of many contaminants in the Heathcote River. 
ThE~ rapid sedimentation of the rivers continued until 
1925 whe!rl the Christchurch Drainage Board purchased a river 
sweeper.. Between 1900 and 1925 silting of both rivers 
increasE~d markedly. The causes were 1) tripling of the area 
drained by storm sewers, which followed the amalgamation of 
Christchurch suburbs (1914-1931), and 2) soil erosion in 
the Heat:hcote Valley (1912-1914), where market gardens were 
being dE~veloped. 
The river sweeper cc)mm,enced work on the Heathcote 
River in 1925, 2 years before it worked on the Avon River. 
Therefore, mud deposits in the Heathcote Basin are likely 
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to be sE!veral years older thE;! Avon Depository, especiallY 
if the City outfall Drain had an affect prior to 1900. 
ThE~ period of the river sweeping as well as the 
photographic, historical, and scientific records (including 
the disappearance of zost.era) strongly suggest that the 
Avon-Heathcote Estuary filled with mud rapidly from 1925 to 
the early 1950's. The evidence suggests that the thickest 
silt deposits accumulated .in the channels. 
Sediment swept from the lower reaches of the Heathcote 
River WetS probably contaminated with heavy metals. However 
most of the sediment entering the estuary, between 1925 and 
1950, WetS derived from uncontaminated areas, such as Port 
Hills L()ess, the Avon RivE!r bed, and the Heathcote River 
bed many kilometres upstream of the Woolston distr ict. 
Hence, such contamination may be diluted by large 
quantities of "clean" sediment. 
All historical and scientific evidence of erosion 
presentE!d here relates tc) bioturbation and erosion of 
either the channels or the periphery of the estuary (such 
as Fig. 2.5). Considerable erosion has been reported during 
the period of rapid sedimEmtation between 1925 and 1950. 
The erosion of the chanm;!ls seems to be related to 1) 
intense bioturbation, 2) infilling of old channels, and 3) 
the disappearance of the zostera beds. The increase in 
benthonic shellfish is a result of 1) higher mud content of 
the sediment and 2) eutrophication of the estuary. The 
eutrophication has been brought about because nutrients and 
organic matter introduced 1::0 the estuary from sewage 
effluents have caused the expansion of all organic life 
commencing at the bottom of the food chain with algae 
species such as Ulva and Euglena (Knox and Kilner, 1973). 
The silt: accumulation in the early channel loops correlates 
wi th thc~ disappearance of the zostera beds. zostera is a 
well known sediment bindE!r in estuaries throughout the 
world (Knox and Kilner I 1973). As the plant disappeared 
from the Avon-Heathcote Estuary, new sediment deposited 
near thE! main channels would have been unstable and easily 
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re-erodE~d . 
Erosion around the circumference of the estuary 
clearly relates to increasing water levels throughout the 
history of Christchurch. Rising water levels were caused by 
1) increasing tidal compart:ment, and 2) rapid infilling of 
channels with sediment. 
The growing tidal compartment is a direct result of 
drain 12lying in the Christchurch area after 1875, which has 
accelerated stormwater runoff. To a lesser extent, 
discharge of sewage and industrial effluent would have 
enhanced the water volume prior to 1950. However, after 
1950 thl~ massive increase in effluent discharging on the 
western slopes probably had a greater affect on tidal 
compartment volumes. The higher volume of sewage effluent 
discharged to the estuary after 1950 was due to 1) the 
rapid growth of Christchurch, 2) extensions of the COB 
treatment plant, and 3) the diversion of all industrial 
effluent:s to the treatment plant. The findings of this 
analysie; suggest that the tidal compartment increased 
fairly rapidly from the time the early settlers arrived, 
which aqrees with the tidal compartment curve of Findlay 
and Kid:. (1988). 
While rapid sediment deposition may slightly decrease 
the volume of water entering and leaving an estuary during 
a tidal cycle, it would also lead to elevated water levels. 
Water w()uld be expected to spread upwards and outwards in 
a small shallow estuary, such as the Avon-Heathcote 
Estuary. The erosion reported around the perimeter of the 
estuary supports such wate:r movement. 
ThE~ water level incrE~ase observed by George Andrews 
suggests that the tidal compartment growth was so rapid 
that the period of silting caused only a slight 
deceleration in its growth rate. Such a deceleration is 
suggestE~d by the change in slope of Findlay and Kirks tidal 
compartnent curve after 1920 (Fig.2.4). 
ThE~re is little historical evidence for or against 
large scale erosion between 1950 and 1960. The intense 
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bioturbation of unstable channel edges (partly due to the 
absence of zostera) may have resulted in some sediment 
loss. However, the stabi 1 h;ation of the spit combined with 
the ever increasing tidal compartment suggests no major 
loss of material from the ]oed of the estuary. 
Macpherson's bed level data show some loss of sediment 
from thE~ intertidal flats bet'>leen 1962 and 1975. Figure 2.5 
shows that, at this time, there was also considerable 
losses from the perimeter of the estuary. 
ThE~ stable channel positions in Figs 2. 8d and 2.9 
suggest that the estuary has stabilised in the last 20 
years with minimal losses from the channel edges, where 
zostera plants have now recolonised. There remains some 
sediment: erosion around the circumference of the estuary, 
but most. areas are now adequately stop banked. 
From 1860 to 1973, contaminants (such as heavy metals) 
were entering the Avon-Heathcote Estuary from industries 
adjacen1: to the Heathcote River, the City Outfall Drain, 
and the septic tanks surrounding the estuary. During the 
period of rapid mud deposition, contaminant levels in 
sediment.s were probably diluted. However, after 1950 
concentrations probably rose rapidly as sedimentation 
slowed. Following the early 1970' s, contaminant levels 
should have dropped abruptly after all untreated effluents 
were removed from the rivers and estuary. 
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CHAPTER 3 
GEOLOGY OF THE AVON-HEATHCOTE ESTUARY, TRAVIS SWAMP« AND 
SALTWATER CREEK ESTUARY 
ThE~ most important fa(::tors that influence heavy metal 
distributions in sediments an:~ 1) grain size distributions, 
4) biological activity 
2) mineralogy, 3) sedimentation rates, A and 5) anthropogenic 
activity (Cauwet, 1987). 
As discussed in Chap1:er 1 the fine clay grain size 
«4~m) contains higher trace metal concentrations than the 
coarser sand (>63~m) and silt (4-63~m) size fractions 
(ForstnE~r, 1989 j Horowitz, 1985). As grain size decreases, 
increas:Lng mineral surface areas and surface charges allow 
greater adsorption of hE3avy metals (Appendix 1). In 
addition, clay minerals exhibit high cation exchange 
capacities, and therefore readily exchange major ions for 
heavy metals in the aquatic environment. (Clay mineral 
chemistry is discussed in Chapter 1. D, Section 1.3, and 
Appendix 1. D.) Heavy metal grain size distributions are also 
affected by sediment rew'Jrk.ing, which may increase or 
decreasE~ the fine grained component of the sediment. Hence 
sedimen1: reworking may alter heavy metal distributions in 
sedimen1:s. For the above reasons it is important to account 
for grain size distributions when studying heavy metals in 
sedimen1:s. 
In industrially polluted water systems, where 
sedimen1:ation rates are slow, bottom sediments may have 
high concentrations of hE!avy metals. In contrast, when 
sedimen1:ation rates are high, a large sediment surface area 
is available for metal adBorption which may dilute metal 
concentrations, even in contaminated bottom sediments 
(cauwet" 1987). Hence, knO\vledge of sedimentation rates is 
important when evaluatinq the extent of heavy metal 
pollution in an area. 
Fig. 3.1 Muddiness of Avon-Heathcote Estuary 
surface sediment, contoured at 5%, 
20%, 40%, 60%, and 80%. Large dots 
<5% mud; small dots>60% mud 
(Macpherson, 1978). 
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HE!avy minerals and clay minerals naturally contain 
higher concentrations of heavy metals than minerals such as 
quartz, calcite, and feldspar. Therefore, an understanding 
of mineralogy is important when comparing heavy metal 
concentrations between sediment cores, units, and 
locations. 
ThE! affects of anthropogenic acti vi ty on sediment 
supply and heavy metal fluxes to the AVon-Heathcote Estuary 
are rev:Lewed in Chapter 2. 
ThH present chapter I~xamines Avon-Heathcote Estuary 
sedimen1: cores for grain size distributions, mineralogy, 
and sedimentation rates. The contacts between the sediment 
units O~, B, C, and D) have been dated accurately using a 
combina1:ion of 14C ages, 210pb curves, pollen profiles, and 
knowledge disclosed in the history review. 
A few cores from the ~rravis swamp and Saltwater Creek 
Estuary" have also been studied to evaluate their 
suitability as baseline sites. 
3.1 SEDIMENT DISTRIBUTIONS IN THE AVON-HEATHCOTE ESTUARY 
3.1.1 Surface Sediment Distributions in the Avon-Heathcote 
H!stuary 
Sediment studies of 1:he Avon-Heathcote Estuary have 
been undertaken by Knox and Ki lner (1973), Mi 11 ward (1975), 
Harrison (1976), Macpherson (1978), and Christchurch 
Drainag(~ Board (1988). All these studies show uniform 
sedimen1: accumulation over the last 20 years, with most 
areas of the estuary showing coherent patterns of sediment 
deposition. 
Mud is deposited closl~ to the river entrances and the 
channel:;, whereas the sand component increases towards the 
mouth. Over 80% of the mud. Emtering the estuary annually 
(approximately 12000 tons) is deposited in the Avon and 
Heathco-te depositories (F~Lg. 3.1, Macpherson, 1978). The 
Heathco-te Basin is 2.5 times the size of the Avon 
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depository and 10% muddi(~r, which reflects the higher 
sediment: load carried by the Heathcote River. Areas on the 
western slopes of the estuary are also high in mud. 
Sediment: deposition in this area is influenced by the Avon 
Ri ver, -the pond outfalls, and wind circulation. Sandier 
sediment: occurs on the eastern slopes than the western 
slopes hecause dominant easte!rly winds tend to divert the 
Avon River in a westerly direction. Macpherson suggested 
that the general absence of mud above the medium tide 
level, except near the river mouths, indicates that wave 
energy exerts the principle control on mud deposition. 
ThE! majority of the active surface sediment in the 
Avon-Heathcote Estuary is in equilibrium with the physical 
environment. However, Macpherson (1978) maintained that 
intense bioturbation by dense populations of crabs, snails, 
and shellfish is causing net erosion of sediment from the 
estuary. Historical records (Chapter 2) suggest that some 
erosion has occurred near the channels and around the 
periphery of the estuary, but no evidence was found for 
widespread erosion from the bed of the estuary. 
3.1.2 Subsurface Sediment: in the Avon-Heathcote Estuary 
Macpherson (1978) studied the sedimentology of more 
than 40 I-2m deep sediment: cores from widely spaced 
localities in the Avon-Heathcote Estuary. He recognised 
three main stratigraphic units below the modern sediment 
horizon. 
3.1.2.1 unit A 
The basal unit, A, is a massive, dark grey, fine to 
medium sandi it is uniformly well-sorted containing less 
than 3% mud (Fig. 3.2a and 3.2b). Sparse wood and shell 
debris is present. Because of the similarity between unit 
A and the monotonous marine sand found in wells around 
Christchurch, Macpherson correlated unit A with the 
Christchurch Formation of Suggate (1958). unit A is 
a 
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Fig. 3.2 Sections from cores AHE/1a and AHE/3a 
showing the contacts between sediment 
uni ts A and B, and B and C. 
a) Contact bet~'een units A and B in 
core AHE/3a. 
b) Contacts bet.ween units A and B, 
and B and C in core AHE/1a. 
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interprelted to represent ma'terial deposited in shallow 
oceanic conditions before t:he estuary evolved. The contact 
between Unit A and overlying Unit B is always sharp and 
abrupt. 
3.1.2.2 unit B 
Unit B is a muddy very fine sand, plane laminated in 
places. Decimetre fining upwards sequences are common, 
grading from clean fine sand t:o very fine sand with greater 
than 50~; mud. coarsening upwards sequences also occur. The 
laminated sequence is frequently overlain by massive 
uniform muddy sand (Fig. 3.2b). Macphersonts grain size and 
bathymet:ric level studies show that unit B is similar to 
sediment: actively accumula"ting in the estuary today. unit 
B is interpreted to have been deposited after the Avon-
Heathcot:e Estuary was separated from the open ocean and to 
represent material deposited under similar conditions to 
those which prevail today. 
3.1.2.3 Unit C 
unit C ranges from an olive grey plastic mud to a very 
fine sandy mud which is generally massive and monotonous in 
appearance (Fig. 3. 2b and 3.3). Coarse leafy organic debris 
(Zosterc~ leaves) is abundant in Unit C, while laminated 
zones are rare. Unit C averages 40-80% mud, is poorly 
sorted, has a mean thickn'~ss. of 25 cm, and a remarkably 
uniform appearance throughout the estuary. 
ThE~ contact between l'ni1t C and underlying unit B is 
either sharp and abrupt with a major textural 
discontinui ty, or gradational with interbedded sand and mud 
grading up through sandy mud to mUd. 
The greatest thickness of Unit C mud occurs in the 
Avon and Heathcote deposi t:or ies. Unit C accumulated as a 
thin blclnket of mud throughout the estuary, and is found in 
places ,,,here mud is normally absent. Macpherson found no 
relationship between unit C sediment properties and water 
depth. ~:he evidence sugges·:,s that this mud accumulated 
a 
o 
bioturbated 
zone 
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Fig. 3.3 Sections from core AHE/1a showing 
the contact:s between uni ts B and C, 
and C and D. 
a) Contact between units C and D. 
b) Contact between units B and C • 
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rapidly, during a period of higher than normal suspended 
load, and at uniform rates. Macpherson concluded that unit 
C was deposited as a direct result of rapid erosion of the 
Christchurch area during the early settlement between 1850 
and 1875. The historical synthesis in Chapter 2 supports 
such an origin. However, the evidence indicates that 
initially sediment was deposited in the Avon and Heathcote 
Rivers, and that Unit C sediment did not reach the estuary 
until a period of mechanical river sweeping, after 1925. 
3.1.2.4 Modern Subsurface Sediment (Unit D) 
In many cores Macpherson found that unit C sediment 
has an intensely burrowed upper contact. The overlying 
sediment is a massive sand, containing abundant living or 
coarsely fragmented bivalvE!s (Fig. 3. 3a). Locally there are 
strips and pods of soft plastic mud derived by bioturbation 
of unit C. Muddy horizons are intensely disturbed and 
consist of a few streaky remnants surrounded by sand. The 
modern layer is labelled unit D for convenience in this 
study. 
ThH benthic dwellers that bioturbate Unit D include 
polychaHte worms, cockles (chione stutchburyi), mud flat 
snails (Amphibola crenata), and crabs OL.. crassa and !L.. 
hirtipef!). During the excavation and feeding of these 
organisms, sediment is extruded on to the surface in the 
form of faecal strips and mounds. The density of mud flat 
snails and crabs is so high that Macpherson concluded the 
majority of the sediment is reworked in less than 2 weeks. 
Maepherson mentioned a modern active layer occurring 
as a th:~n skin (1-2cm) on 1:op of the subsurface bioturbate 
zone. The active layer reflects contemporaneous physical 
process(:!'s which may be different from the underlying 
sedimen1:. Beneath the active layer, the bioturbation zone 
consist!; of a homogeneous mixture of constituents reworked 
from above and below. 
Macpherson suggested that the Avon-Heathcote Estuary 
D 
Fig. 3.4 
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2km -=-= 
Maps showing locations where sediment cores 
were collected in this study. A New Zealand. 
B Pegasus Bay. C Travis Swamp and 
Avon-Heathcote Estuary, 0 Saltwater Creek 
Estuary (core RHZ is from Hay, 1988). 
84 
is experiencing ongoing net E~rosion and that the sediment 
water interface is continually deepening as the inhabitants 
of the bioturbate zone "eat" their way downward into 
progressively older sediment:. During this process, the 
suspendible fraction is added to the water column and 
washed out of the estuary 11lith the tide. 
Macpherson predicted that eventually a layer of 
uniformly clean sand will blanket the estuary when the 
biologically available virgin mud is worked out to a 
uniform depth and that the sand will act as a buffer 
between the ancient muddy unit C sediment that remains and 
the modE~rn environment. 
Results of the historical survey in Chapter 2 indicate 
that bioturbation was intense before and during Unit C 
deposition. The estuary appears to be in equilibrium with 
respect to bioturbation. Most erosion is restricted to the 
channel edges and the perimeter of the estuary. 
3.2 DESCRIPTION OF SEDIMENT CORES FROM THE AVON-HEATHCOTE 
ES~mARY, AND TRAVIS SWAMP 
3.2.1 lWon-Heathcote Estud.ry 
3.2 . 1. 1 Method of Cor ing a.nd Subsampling 
six cores were collected during the course of this 
study from the locations given in Fig. 3.4c. Cores AHE/l, 
AHE/2, and AHE/3 were duplicated. Cores were collected in 
acid washed 5cm PVC pressure piping using the method 
adopted by Macpherson (1978). Each core was hammered into 
the sediment with a sledge hammer, tightly capped, and 
retr ievE~d by loosening the surrounding ground with a spade, 
allowin9 the cores to be pulled free. The cores were opened 
by cutt:Lng a slice of plastic from opposite sides with an 
electrical band saw, leaving a thin layer which was 
subsequEmtly cut through with a knife. Once cores were 
open, the top part was lifi:ed off, exposing an almost 
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undisturbed sequence of sediment for description and 
analysis. The sediment sequence was compressed by about 5% 
during coring. 
All sample handling and laboratory procedures were 
carried out at the cleanliness levels required for trace 
analysis of sediments (Chapter 6, Section 6.2). 
Once the cores were open and the stratigraphy 
recorded, the sediment wa:; subsampled at 2-4cm cuts. To 
avoid smearing and contauination affects, samples were 
removed from the tube, leaving a 0.5cm sediment skin around 
the edgE~. Each subsample was dried, then crushed ready for 
analysis. 
3.2.1.2 Descriptions of SI~diment Units 
Full core descriptions are given in Appendix 2 _ 0, 
(Section A2.1) whereas the summarised stratigraphy is 
presented in Fig. 3.5. 
ThE~ units observed are named the same as those of 
Macpherson (1978). All 6 cores contained units A-D except 
AHEj 4 from the mouth of the f~stuary. Core AHEj 4 consisted 
of homogeneous fine sand, f;imilar to unit B, from the base 
to top_ Photographs of parts of cores AHEjla and AHEj3a are 
presented in Figures 3.2 and 3.3. 
Additional observations of the cores of value to this 
study are discussed below. 
unit B 
A black coloured zone 1-2cm thick was observed at the 
top of unit B in most con~s but distinctly in cores from 
the Hea'thcote Basin (Fig. 3.2b and 3.3b). Core AHEj5 from 
the sout:hern edge of the Heathcote Basin contains black 
streaky layers near the top of unit B (Appendix 2.0). Coal 
particlE~s occur near the top of unit B in Core AHEj2a (Fig. 
3.19) and in unit C of AHE/la (Fig. 3.3). A core RH2 taken 
by Hay (1988) in front of the City Outfall Drain contains 
a black coloured zone near the contact of units Band C 
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B 
Fig. 3.6 Section from core RH2 (Hay, 1988), 
which is from direc:tly in front of 
the City Outfall Drain (see Fig. 3.4 
for location). The Unit C-B contact 
is 1874 to 1925 (Chapter 2). The 
black organic rich layer corresponds 
with peak industrial activity between 
1900 and 1925. 
* Diffuse zone: As the City Outfall 
Drain became blocked with sediment 
in the late 1880's, the sedimentation 
rate in the estuary adjacent to the 
drain would have slowed down before 
Unit C was depositE!d. The upwardly 
increasing sand content, in the 
diffuse zone, reflects the decreasing 
mud f 1 u.x to the est~uary as the drain 
became blocked. 
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(F ig . 3. 6). These dark layers containing coa I and coke 
particlns are probably derived from atmospheric emissions 
during early industrial activity (1860's to 1930's), 
particu:.arly along the banlcs of the Heathcote River, which 
involved large scale coal burning (Chapter 2, section 2.8). 
AI:. unit B sediment is saturated in slightly saline 
ground liater (salinity, 6-10 parts per thousand (ppt» at 
pH 7-7.!') , dissolved oxygen (~O) 2-2. 6mg/ I and Eh -3.0 to 
-0. 4V. ~rhe ground water is sl~mi-confined by the overlying 
thick puggy Unit C mUd. When the cores were retrieved and 
the basE~ of Unit C punctured" ground water quickly filled 
the hole!s from where the cores were collected (Figs 3.7 and 
3.8) • 
unit c 
ZOf;tera leaves 10cm long were observed in Unit C of 
core AHE/1b (Appendix 2.0). Clumps of partly decayed 
organic matter, probably ;Zostera, occur in Unit C (Fig. 
3.7) of core AHE/2a, and near the base of core AHE/4. These 
observations support the historical records of mass 
mortali1:y of the zostera beds during rapid silting of the 
estuary (Chapter 2 I sectio::l 2.7.1). 
unit D 
Thn active layer is slightly lighter in colour than 
sedimen1: beneath, otherwise sediment properties are the 
same. 
Unit D sediment is extremely black and anaerobic in 
cores from the Heathcote Basin (AHE/1a, AHE/1b, AHE/5, and 
RH2 (Hay, 1988), and the Avon depository (AHE/ 6). A 
slightly greener colour was; observed in cores AHE/3a and 3b 
from in front of the sewage ponds. The modern sediment in 
core AHI~/2a from the Southshore is medium grey and contains 
a black layer 6-8cm beneat~ the surface (Fig. 3.7a). 
Surface sediment Eh values decreased rapidly with 
depth at all locations. The most reducing conditions were 
found nE~ar the entrances of t~he two rivers and along the 
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Fig. 3.7 Photographs of the hole remaining 
after core AHE/Za was retrieved 
from the Southshore (see Fig. 3.4 
for location). The water levels 
rose quickly after the base of 
Uni t C was pene~trated. Both 
photographs were taken within 
10 minutes of digging the hole. 
PPM: Decaying plant matter (Zostera). 
Black Zone: The: black zone in Fig. 
3.7a is most likely an Fe/Mn sulphide 
precipitation zone. 
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a 
b 
Fig. 3 . 8 A hole dug in the Heathcote Basin 
t o measure the ground water chemical 
environment. 
a) a water pump i s removing the 
groundwater as it upwells. 
b) dissolved oxygen reading being 
taken in the uncontaminated flow 
as the water upwe l l s. 
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western slopes. At low tide, Eh values in the top 1cm of 
sediment were -0.095V, directly in front of the City 
Outfall Drain, -0.101V near the locality of Core AHE/5, 
-0.230V at surface where Core AHE/6 was collected, and 
-0.328V at locations where cores AHE/3a and 3b were 
collected. The pH readings at all locations remained 
consistE!ntly between 7 and 7.4. These anaerobic conditions 
at neutral pH favour the precipitation of black Fe and Mn 
sulphidE!s (Figs 1. 2 and 1. 3, Chapter 1), which explains the 
extremely black and greenish black colouration of unit D 
sediment:s from the Avon depository, along the western 
slopes to the Heathcote Basin. Negative Eh values 
correspond with areas high in organic matter reported by 
Christchurch Drainage Board (1988), and Knox and Kilner 
(1973). Hence, reducing conditions are probably caused by 
high levels of decaying organic matter in the sediments. 
The causes of organic emrichment are most likely a 
combinat:ion of 1) the high mud content of sediment at the 
head of the estuary (which has a greater potential to trap 
organic matter than coarser sediment), and 2) the daily 
release of nutrient rich (N and P) effluents from the 
sewage ponds, which has encouraged growth of all levels of 
organic life (Chapter 2, section 2.7). In these areas the 
decay of large quantities of dead plant and animal matter 
deprivee; the sediment of oxygen, thus lowering redox levels 
(Chapter 1, section 1.6.1) . 
At: the location of AHE/2a, surface sediment Eh values 
were -0.04V at the surface, decreasing to -0.240V at the 
black horizon 6-8 cm below the surface. The pH was 7 along 
the black zone. Hence, the black zone is probably also a Fe 
and Mn Bulphide precipitate layer rather than a hydroxide 
precipitate (which requires Eh values well above zero). 
The! +0. 05V Eh value at 1:he surface near the location 
of core AHE/4 indicates that oxidising conditions increase 
towards the mouth of the estuary. 
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location). 
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3 • 2 • 2 ']~ravis Swamp 
ThE~ Travis Swamp is located 4km north of the Avon-
Heathcote estuary (Fig. 3. 4C) I and prior to 1990 had 
changed little since EuropE~ans arrived in 1850. 
Three cores were collected from the locations given in 
Fig. 3.4c, and by the me:thods given in Section 3.2.1. 
Simplified stratigraphic columns are given in Fig. 3.9; 
detailed descriptions of E~ach core are given in section 
A2.1 of Appendix 2.0. Only core TS/l and TS/3 are discussed 
in this dissertation. 
Core TS/l is from thE! edge of the swamp and shows a 
progradational sequence progressing upwards from oceanic 
mud thr(:mgh estuarine sands to sandy swamp sediment. The 
basal unit T4 of TS/l consists of soft, light blue-grey, 
very pla.stic mud, which lacks sand. units T2 and T3 consist 
of light. brown silty estuarine sand. The only difference 
between the two units is that Chione shells are sparse in 
T3 and clbundant in T2. A sample of Chione shells (M35/f25) 
from the! shell layer of T2 was 14c dated at 1650 years B.P. 
by the Institute of NuclHar Sciences (INS, Lower Hutt, 
N.Z~). Vnit Tl is brown fine silty sand containing numerous 
rootlet::;. 
Core TS/3 is from deeper in the swamp. The basal unit 
A t is a clear sand similar in texture to unit A of the 
Avon-Heathcote Estuary (Fig. 3.10). unit AI sand is 
over la in by a dark grey s:_ ight ly muddy fine sand unit B' 
which is similar in texture to units T2 and T3, of TS/l, 
and unit B of the Avon-Heathcote Estuary. unit B' is 
intensely bioturbated and mixed with sediment from the 
overlying olive coloured sandy mud (similar to unit C of 
AHE). 'Ihe olive grey mud fines upwards, and contains 
extensive rootlets in the: top 10cm. This swamp mud is 
probably a lateral equivalent of unit Tl. The mud is 
overlain by 12cm of peat. 
ThH blue mud Unit T4 has been exposed by builders 
currently developing the wE:stern part of the Travis Swamp. 
+ C14 laboratory data s in I.he back pocket of the thesis. 
Fig. 3.10 Section from core TS/3 showing the 
contact between uni ts A' and B'. 
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Ora ina gEl Board workers also exposed it north east of the 
swamp in 1986 when laying sewers. The blue mud is 
considered, for the purposes of this discussion, the basal 
sediment: beneath the swamp .. unit T4 was probably deposited 
in a shl~ltered bay about ~!OOO years ago. The more inland 
location of the, younger, shallow marine sediment unit AI 
suggests that when the e:;tuary (units T2, T3, and B I) 
formed, the inlet was locabad southwest. Today sediment 
similar to unit A (and A') is found inside the inlet of the 
Avon-Heathcote Estuary and also on the beach at Clifton 
Bay. 
A map showing ancient shoreline positions is presented 
in Fig. 3.11 (Brown and Weber, in press). The position of 
the shorelines have been determined using carbon-14 dates 
from wai:er wells in the Christchurch area. The 1000 year 
B. P. shc)reline traces a long thin bay-estuary traversing 
the areas of the Travis Swamp and Avon-Heathcote Estuary. 
Contourf. drawn by Macpherson (1978) on the upper surface of 
unit A show that just befor,e the Avon-Heathcote Estuary 
formed a shallow ocean channel flowed south from the bay-
estuary into the area of the Avon-Heathcote Estuary, 
meeting another channel flowing out from the Heathcote 
River. ~~hese channels were probably formed by the Avon and 
Heathcot:e rivers dischargir,g directly into shallow offshore 
waters, eroding the surface sediment (Units A and A I ) . 
Units T;! and T3 would have bE~en deposited in the northern 
quiet part of the bay-estuary, while Units A and AI were 
deposited near the entrances and slightly off shore. As the 
spit miqrated further south the swamp sediments (Unit T1) 
would have replaced the estuarine sediments in the vicinity 
of Travis Swamp. Hence, units AI and BI(T2, and T3) are 
early lateral equivalents of units A and B of the Avon-
Heathco·t:e Estuary. 
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1986) . 
3.3 GIDIERAL GEOLOGY AND CORE DESCRIPTIONS FROM THE 
SAlJTWATER CREEK ESTUARY 
3.3.1 Tntroduction 
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ThH estuary of the AshlE~y River and Saltwater Creek; 
known as Saltwater Creek Estuary is located amongst the 
Kairekei dunes (500-1000 years) and the modern Ohuan dunes 
«500 years old; Blake, 1964; Millward, 1976). The swift 
Ashley Hiver drains an area of 1000km2 before entering the 
Saltwater Creek Estuary (Figs 2.1, and 3.4d, Wilson, 1986). 
ThE! Saltwater Creek Estuary differs from the Avon-
Heathcot:e Estuary in that it is a major river-mouth estuary 
formed a.s a result of a change in the position of the 
Ashley River. The estuary has formed in an abandoned 
channel of the Ashley River. Shingle deposits are common in 
abandoned channels at Saltwater Creek. The position of the 
river mouth has shifted up to a dozen times over the last 
century due to the dynamic nature of the river (Fig. 3.12). 
Frequen1: floods influence -the: position of the mouth. 
3.3.2 A Brief History of the Saltwater Creek Estuary 
During 1850, the Ashley River followed a course 
parallel to the road and joined Saltwater Creek about 200m 
further inland (Fig. 3.12; John Mathers, great grandson of 
early sE~ttler, pers. comm.). At this time the mouth of the 
estuary was 2m deep at low tide and quite navigable. 
ThH area was used as a port in 1859 and the township 
of Northport sprang up in 1:he 1860' s west of State Highway 
one beb/een the Ashley Ri vl:!r and Saltwater Creek (Hawkins, 
1957). The town survived for about 8 years servicing 
trading between North Canterbury farms and Lyttelton. 
In the 1860's the AshLey River mouth had migrated 1km 
south (near its present po::;ition). The channel was over 5m 
deep, enabling ships to enter easily during this period. 
Neverthl:!less, farming act:ivities upstream were causing 
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rapid silt deposition in the estuary. As a result, in 1863, 
a ship sank just inside the bar. Subsequently, the channel 
was cleared every year at the beginning of the wool season 
(Hawkins, 1957). 
By 1870 the estuary had f:dlted to a point where it was 
almost impossible to bring ships safely into the estuary. 
As a consequence, shipping ceased and the township closed. 
After 1900 the mouth of the Saltwater Creek Estuary 
continuE!d to migrate north, until around 1914 when flooding 
caused the Ashley River to breach the dunes directly 
opposite the main channel, resulting in two mouths (Blake, 
1964 i }![. Ashworth, descendant of early settler, pers 
corom.). A lagoon was formed between the two inlets behind 
the coastal sand bar. It if; uncertain whether the southern 
inlet rE!mained open or closed. Meanwhile the northern inlet 
continuE!d to migrate north until reaching the northernmost 
position in 1926. A major flood recorded in 1923 may have 
re-openE~d the southern inlet (North Canterbury Catchment 
Board, 1986). By 1940 the northern mouth had closed and 
both the river and creek. were discharging out to sea 
directly east of the ma:.n channel in the Ashley River 
(Blake, 1964). Resulting sand encroachment filled most of 
the northern lagoon. A large flood recorded by the North 
Canterbury Catchment Board in 1936 may have influenced the 
permanent transfer to the southern opening. 
Bet:ween 1942 and 1974 the estuary mouth remained 
opposite the main channel of the Ashley River. However, 
there were slight variations in the shape of the spit and 
position of the main channel over this period. The inlet 
started to migrate north in 1950 but was halted during a 
major flood. Southward migration of the spit was prevented 
by the construction of a "willow Box" groyne in 1953 by the 
North Canterbury Catchment Board (NCCB). 
In the late 1970's and early 1980's the inlet 
commencE!d its present northward migration (NCCB, 1986). The 
inlet cc,ntinued to migrate north until its current position 
was reached in 1990 about 2Km north of the centre line of 
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the Ashley river (Fig. 3.1~!). Carson (1986) suggested that 
the cur:cent northward migration is due to unusually low 
peak flood levels since 1979, combined with a slight 
northward migration of the main braid of the Ashley River. 
At presE~nt the channel is flowing north east parallel to 
the sout:hern spit as the r.i. ver discharges to the sea. 
3.3.3 Htratigraphy of Cores from the Saltwater Creek 
nstuary 
Two 1m cores were collected from the localities shown 
in Fig 3.4d. Complete core 
section A2 . 1 of Appendix 
summarised in Fig. 3.13. 
descriptions are given 
2.0. The stratigraphy 
in 
is 
ThE! basal unit from each core consists of poorly 
sorted gravel which coarsens upwards. The gravel is 
overlain by alternating decimeter scale beds of poorly 
sorted coarse sand with granules, and mud beds with shells. 
These sequences reflect t~he migrating positions of the 
Ashley River mouth and ,viII be discussed further, in 
section 3.6.3.2. 
Sediments are aerobic which is evident from the 
orange-brown layers in core SWC/2 (Fig. 3.14). The 
precipit:ation is probably Fe oxide (goethite or limonite). 
In contrast modern Avon-Heathcote Estuary sediments are 
black and anaerobic. 
3.4 GR1\.IN SIZE ANALYSIS o:r SEDIMENTS 
Grain size distributions are useful to sedimentary 
geochem:csts because they yield information on mode of 
sediment: transportation, environment of deposition, and 
natural causes of heavy metal variation. 
Normally grain size s1:atistics are discussed in terms 
of phi (4)) rather than diameter in mm or J,£m. The phi scale 
is the logarithmic transformation of the Udden-Wentworth 
scale, vrhere 4>=-lo92d, and d = diameter in mm (Blatt et aI, 
Fig. 3.14 Section front core SWC/2 showing 
alternating mud and sand layers 
(stained orcmge-brown by Fe 
oxides) . 
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1980; LE~wis, 1982). The phi scale is convenient because it 
involves; whole numbers. The large grain sizes which are 
conventionally plotted on the left by geologists become 
negativE~ and smaller than fine grain sizes which are 
plotted to the right (Fig. 3.15). 
Grain size distributi<ms are normally described using 
cumulatj.ve curves, where straight line segments represent 
normal <iistributions of individual grain size populations 
(Blatt E!t aI, 1980; Allen, 1971; Visher, 1969). The overall 
curve s:hapes are described using standard statistical 
parametE~rs, such as the mode, mean, standard deviation 
(SO), skewness, and kurtosis. 
In this study the graphic measures of Folk and Ward 
(1957) uere used (see discuss.ion in Lewis, 1982). 
Beach sands are commonly well sorted (low SO) 
negativE~ly skewed (absence of fines), bimodal (2 dominant 
grain sizes) and platykurtj.c (more or less equal mixture of 
2 populations; Cronan, 1972). In contrast, fluviatile sands 
are of1:en posi ti vely sk~~wed (higher concentration of 
suspended matter), and less well sorted (large SO; Allen, 
1971; Visher, 1969). 
One of the problems ,."ith grain size analyses is that 
the samf~ processes occur ,."ithin a number of environments 
and the consequent textural response' is similar. 
Fortuna1:ely the sediments of this study are modern. Hence, 
knowledqe of the surrounding geological environments, all 
of which remained unchanged throughout the last 500 years 
(such as location of rivers, swamps, dunes, and beaches), 
allows realistic interpretations of depositional 
conditions. 
Macpherson (1978) accurately measured the grain size 
distributions of all Avon-Heathcote Estuary sediment units. 
However" it was considered necessary to repeat a few 
analyseB in order to compare AVon-Heathcote Estuary grain 
size s1:atistics with those of the Travis Swamp and 
Sal twatE~r Creek Estuary. 
~al Sediment Sample 
~------------T--------------~ 
Sample washed through 63~m 
nylon sieve with DDW 
(mud < 63~m) 
(sand > 63~m) 
r-------------T--------------~ 
Mud fraction transferred to 
1 litre cylinder with DDW I--T~ Sieve analysis of, 
! sand ! 
Sand T~ 
washed, 
!dried and' 
I weighed ~iPette ;'nalysis 
(Mud separation) 
~----------------
11 litre CYlinde; topped up ] 
iwith DDK after pipette analysis 
I 
lEach cylinder s~irred for 2 ] 
,minutes with glass stirring rod 
I 
I Each--c-y-I-l-' n-d-:-r--I-e-f-t--t-o---' 
settle for 4 hours 
~-------,---------~ 
The top 20cm co~taining the Cla~ 
fraction «4~m) is siphoned int;) 
4 litre bea}~ers 
20 mls of satur~ted NaCI SOlutiJn 
is added to beakers after each 
separat~on to flocculate clays 
i I 
~-----------------T---------------- :l the salt! Once clays have flocculated, 
solution is decanted off I 
I 
r------T---~ 
Clay residues are centrifuged 
repeatedly with DDW to remove all Na:l 
I 
rl c-Ia--y--s-a-m-p-l-e-s-a--r-e-~-r-i-e-d-a-n-d-W--e-i-g-h-e~ 
i 
I C I a y f:::--a-c-t-l.-· o-n-~-C-)--(-<--4-p.-m-)----J 
I 
,--------T 
Sand 
fraction (S) 
(>63~m) 
[This process is 
repeated until 
all clay is re-
moved from silt] 
r------T-------~ 
Once all clay has 
been removed, the 
I
remaining silt 
(4-63~m) fraction 
is dried and 
iweighed. 
r----T-------, 
silt Fraction 
(Z) (4-63p.m) 
Fi·;;J. 3. 16 Flow diagram illustrating steps in the 
sand (5), silt (Z), and clay (C) 
separation procedure. 
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3.4. 1 Uethod of Grain siz4~ Analysis and Separation 
Small subsamples (25 to 30g) of the 4cm samples 
sectionE~d from each core were wet sieved through a 63J,Lm 
nylon sieve to remove sand (S) (Fig. 3.16). The sand 
fractions were then resieved through nylon sieves with pore 
diameters ranging from 63J,Lm to 250J,Lm to determine the grain 
size distribution of the sand. The mud that passed through 
the original 63J,Lm sieve 'li/as transferred to a measuring 
cylinder and made up to 1 litre with double distilled 
water. No dispersant was required as the mud particles 
disaggrE~gated readily and did not flocculate. 
The silt (4-63J,Lm) and clay «4J,Lm) concentrations were 
determined in the columns using the standard pipette 
analysis technique (Lewis, 1982). The technique involved 
removinq samples of mud, with a pipette, at specific times 
and dept:hs from the stirred 1 litre columns. The weight of 
each dried pipetted fraction represented the proportion of 
the total size fraction remaining in the suspension above 
a specific depth at a specific time. Hence, by weighing 
dried samples the quantity of each grain size, in each 
sample, was measured. 
Once grain size analyses were complete, the 1 litre 
columns were topped up with double distilled water (DOW), 
and the clay and silt fractions were separated by the 
method outlined in Fig. 3.16. The method is as follows: 
After stirring, the columns were left to settle for 4 
hours. subsequently, the top 20cm containing the clay (C) 
fractions were siphoned into 4 litre beakers. This 
procedure was repeated up to 10 times, until all clay was 
removed from the silt (Z) (Hulse, 1983). Following each 
separat:.on, about 20ml o:E saturated NaCI solution was 
poured into the clay suspension to flocculate the clay 
minerals. After the liquid was decanted off, the final 
flocculated clay suspensions 'li/ere centrifuged with repeated 
washings of DOW to remove all NaCI. Once prepared, clay and 
silt fractions were dried at 50°C to determine their total 
fHi': l JRARY 
UNIV[f:;~.;TY " CANTEFBURY 
CHRrsTCi-!JHCH, N.Z, 
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grain size content. (The potential for heavy metal 
contamination and loss during grain size separation is 
discussHd in Chapter 6, section 6.2.1.) 
3.4.2 t:;rain Size Distributions of Avon-Heathcote Estuary 
Sediments 
unit A 
All grain size curves are presented in Fig. 3.15. The 
basal sediment unit A is entirely sand with near 
symmetrical skewness and peaked unimodal kurtosis (Fig. 
3.15a). The dominant grain size is 34> (125J.l.m). The grain 
size ancllysis produced almost identical results to those of 
Macphere;on (1978). The sedimEmt is similar in texture and 
mineralogy to sediment studied by Reed (1951) in 1-2 feet 
of water from the inlet area of the estuary, and just 
offshorE~ from Brighton Beach. The results support 
Macphernon I s conclusion that Unit A is a shallow ocean 
sand. 
unit B 
Grain size analysis of a few Unit B samples shows the 
sedimen1: to be moderately sorted near symmetrical to finely 
skewed, leptokurtic (predominately fine sand), muddy very 
fine sand. The sediment contains 80-90% sand and 4-7% clay. 
unit B s,ediment textures are similar to the modern sediment 
unit D. The grain size curves support Macpherson's 
interprE~tation that unit H was deposited after the Avon-
Heathc01:e Estuary separated from open ocean conditions, and 
to represent material deposited under conditions 
essentially similar to those which prevail today. 
unit c 
Unit C consists of a very poorly sorted, very finely 
skewed, mesokurtic (unimodal, almost normally distributed) 
sandy silt. The sediment averages 45% sand, 45% silt, and 
10% clay, which varies dep'~nding on locality. The average 
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grain size is 3cp. The findings of this study support 
Macpherson's interpretation that Unit C accumulated during 
a short period of unnaturally high sedimentation. 
unit D 
Un:. t D sand is a massive well sorted, very finely 
skewed, extremely leptokurtic:;: fine sand. The sediment is 
similar to the massive fine sand found in Unit B of cores 
la, 2a, and 3a. Unit D sediml:mt contains 70-90% sand, 10-
30% mud (including 3-5% clay). The grain size distributions 
of units Band D are bimodal, consisting of two fine sand 
saltation populations with the dominant grain sizes 2. 5cp 
(180J,.£m) and 3.5cp (90J,.£m). Each of these populations is well 
sorted and probably result from swash and backwash as the 
tide comes in and out of the estuary, and resorting due to 
wave action. The fine tail represents the suspension 
population, which is derived from a combination of fines 
brought down by the rivers and redistribution of fines 
brought to the surface by bioturbating animals. 
3.4.3 Grain Size Distributions in Travis Swamp 
Thl~ grain size distributions of Travis Swamp sediment 
are similar to units A, B, and C of the Avon-Heathcote 
Estuary (Fig. 3.15b). units T1 and T2 of TS/1, and T12-15 
of TS/3 are similar to Unit: C except slightly muddier. 
Units HI and AI contain almost identical grain size 
distribution to Avon-Hea1:hcote Estuary units B and A 
respectively. 
Units Tl and T2 from TS/1 contain 45% sand, 45% silt, 
around 7% clay, and are very poorly sorted, very finely 
skewed, and platykurtic (equal mixture of fine and coarse 
sedimen-t). These silty sands accumulated in swamp (T1) and 
estuarine (T2) conditions 'where the supply of mud is high. 
SUbsamples 12/13/14/15 from TS/3 parallel units T1, T2 
of TS/1 in that they are very poorly sorted, finely skewed, 
mesokurtic (unimodal) containing 38-56% sand, 35-44% silt, 
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9-16% clay. These sediment units were either deposited 
dur ing s:imilar conditions 1:0 unit C, or belong to the same 
source (ie are the source) .. 
unit T4 consists of <3% sand, 62% silt, 35% clay, has 
near symmetrical skewness, a.nd is platykurtic. This mud 
probably accumulated in a low energy environment with 
limited circulation. The shoreline data of Brown and Weber 
(in press) indicate that Unit T4 is an offshore sediment. 
Hence, cnit T4 probably accumulated in quiet bay conditions 
as the shoreline started its southern recurve around 2000 
years B.P (Fig. 3.11). 
3.4.4 Grain Size Distributicms in Saltwater Creek Estuary 
ThEI grain size distribu'tions of the saltwater Creek 
sediment:s are unlike either the Avon-Heathcote Estuary or 
Travis Gwamp sediments except in the fine silt and clay 
parts of the curves (Fig. 3.15c and d). Sediments range 
from finely skewed to nl:ar symmetrical, and from 
platykurtic to leptokurtic and mesokurtic. All sediments 
are poorly sorted sandy silts. Sediment concentrations 
range 7--49% sand, 35-78% silt, and 7-21% clay. Most curves 
contain many inflexion points; the grain size distributions 
are polymodal, and difficult to interpret by conventional 
percentile statistical pa:rameters. Knowledge of the area 
and the history of the Ashley River mouth, Saltwater Creek 
Estuary, together with the grain size data, suggests that 
the coarse tails rich in pebbles reflect the traction 
population of the Ashley River. Neither the tide or 
SaltwatE~r Creek would have enough energy to transport such 
large pE~bbles. 
ThE~ varied grain size distributions reflect changes of 
the Ashley River in 1) the position of the mouth, 2) water 
volume, 3) flow rate, and 4) suspended load. Polymodal 
distributions suggest a combined influence of the dynamic 
Ashley River, the slow meander ing Saltwater Creek, and 
tidal rE!working of sedimen"ts. 
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Mos,t sediment in thE! Sal twater Creek Estuary has 
accumula.ted under swift and more turbulent conditions than 
in the P,von-Heathcote Estuary. 
3.4.5 Comparison of Grain size Distributions of Sediments 
in this study with 1:..oess Deposits of Canterbury. 
Uni.t C and Travis Swamp mud samples have similar grain 
size distributions to bo1:h Late Pleistocene and Post-
glacial loess (Table 3.1). Saltwater Creek samples are also 
similar except much richer in coarse sand, which indicates 
an additional source of coarser sediments, such as gravel 
beds up river. unit A, A', Band D are unrelated to the 
loess deposits as far as grain size is concerned. The 
coarser composition of units A and A' is probably related 
to offshore reworking of sediments. units Band D (B/D) 
show similar very coarse range to Post-glacial loess, but 
are enriched in medium sand and coarse silt and depleted in 
fine silt and clay. This pattern is indicative of selective 
deposition in an estuarine environment. 
ThE! similar grain size distributions between the two 
loess deposits and Unit C, the Travis Swamp, and Saltwater 
Creek Estuary sediments sugqests that the loess is the 
source of sediments in thi:; study. 
Table. :1.1 Comparison of Average Grain size Distributions 
of Sediments from this Study with Pleistocene 
and Post-glaci.al Loess (lves, 1973) 
V.Coarse Sand- silt- Clay 
sand silt clay 
(>200J,.tm) (200-20J,.tm) (20-2J,.tm) «2J,.tm) 
Loess (~~) 
Late Pl~!ist. 0 40-69 22-37 8-23 
Post Glacial 1-4 45-68 24-35 7-18 
Sedimen1: (%) 
TS/1 (T2&T3) 1-4 65-69 21-29 2-14 
unit C 0.5-3 65-80 12-32 3-8 
SWC 1-42 32-74 21-35 5-13 
unit B/D 1-3 93-97 3-7 0-3 
unit A 20% 80 0 0 
unit A' 18 82 0 0 
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3.5 MINERALOGICAL STUDIES 
Some minerals have a greater capacity to adsorb 
organic matter and heavy metals than others (Forstner, 
1989). Hence, differences in mineral proportions cause 
natural heavy metal variation. Therefore, it is important 
to identify the mineral components of sediments when 
assessing the degree of me1:al contamination. 
3.5.1 clay Mineralogy 
ThE~ most abundant clay mineral groups are illite, 
kaolinit:e, chlorite, vermiculite, and smectite, which are 
frequent:ly interstratified (Wilson, 1987). Generally in 
marine sediments, illite is t:he most common group, and is 
the second most reactive after smectite (Blatt, et aI, 
1980; Drever, 1982; Wilson, 1987). 
SmE~ctite layers expand during adsorption of water or 
organic material (such as ethylene glycol), whereas most 
other CClmmon clays are unaffected. In nature, the expansion 
of smectite particles leads to 1) breakdown of large clay 
mineral agglomerates to smaller ones, which increases 
surface areas, and hencE~ the heavy metal adsorption 
capacity, and 2) greater adsorption of phases rich in heavy 
metals f>uch dissolved organo-metallic complexes. 
In addition to clay minerals the clay fraction 
contains clay sized quart:~, feldspar, Fe and Mn hydroxy 
compounds, and organic matc:rial. 
Macpherson (1978) studied the clay mineralogy of 80 
samples from the Avon-Heathcote Estuary and found that most 
samples contained approximately 60% illite, 40% chlorite, 
and a trace of smectite. No stratigraphic or locational 
pref erences were detected.. However, it was necessary to 
carry out an additional mineralogical study to cover 
aspects important to this study that were not determined by 
Macpherson. These aspects include 1) quartz and feldspar 
concentration (high concentrations of these minerals may 
Fig. 3.17 
a) 
b) c) 
X-Ray Diffractograms of sample C10 
(clay frac:tion) from core AHE/5. 
a) Untreat.ed orientated mount. 
b) Glycolated orientated mount. 
c) Heated (550·C) orientated mount. 
C chloritE~, S smectite, I illite, 
Q quartz, A albite. 
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lead to heavy metal dilution), and 2) the clay mineralogy 
of the Saltwater Creek Estuary and Travis Swamp sediments 
(to assess their compositional similarity to the Avon-
Heathcot:e Estuary clays) . 
3.5.1.1 Method of Clay Analysis 
The clay mineral09Y was determined by X-Ray 
Diffract:ion (XRD) using CuKa radiation. 
Samples were prepared for XRD analysis by standard 
methods (Brindley and Brown, 1980; Whitton and Churchman, 
1987). J~bout half a gram of each clay sample was dispersed 
in 5ml of double distilled water with a few drops of 
Na 2Co3 , stirred and left overnight. The suspensions were 
restirrE~d the following morning and orientated mounts were 
prepared by pipetting solu1:ion onto glass slides and 
leaving to dry. Each slide was X-rayed from 2-46 29 and the 
general mineral assemblages were determined using the X-Ray 
Powder Diffraction Data Files. 
Aft:er the initial scan the slides were treated with a 
few drops of ethylene glycol and rescanned in the low angle 
range 2--10 29. 
All slides that showed layer expansion after 
glycolat:ion (from 14A to l8A) were heated to 350°C for 1 
hour to test for smectite layer contraction to loA. 
AIJ. slides that showed 7A peaks were heated to 550°C 
for 1 hour to distinguish bet.ween kaolinite and chlorite. 
Sanples that containl:!d smectite peaks were treated 
with saturated LiCI and glycolated to test for 
montmor:.llonite (Greene-Kelly, 1953; Whitton and Churchman, 
1987). 
3.5.1.2 Results of Clay mnalyses 
(i:l General Mineral Assemblage 
ThH most noticeable f,aature of the X-ray traces was 
" i 
I' 
I 
I:, 
i' 
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I, 
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" 
Fig. 3.18 
i, 
! :' ' 
!. 
! 
i ,', ' 
I 
I 
b) 
Glycolated X-Ray Diffractograms of 
sample 10 (clay fraction) from core 
swell. a) <4~m fraction. b) <0.5~m 
fraction. C chlorite, S smectite. 
I illite, Q quartz, A albite. 
" :' 
I' 
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the uniformity between all the samples regardless of unit 
or locality (Fig. 3.17h and 3.18a). The following 
charactE!ristics were used to identify the minerals present. 
1) All non glycolated samplet:; produced strong sharp X-ray 
Diffract:ion maxima at 14! (chlorite, smectite) , 10! 
(illite), 7! (chlorite, kaolinite), 4.25! (quartz), and 
3.34! (quartz), and 3.19! (feldspar; albite identified from 
overall peak assemblage) (l~ig. 3 .17a) . 
2) Most glycolated sampll~s produced 
around 18. 5! (smectite) a.nd slightly 
(chlorite only) (Fig. 3.17b), and 
small broad peaks 
smaller 14! peaks 
smaller 10! peaks 
indicating slight interstratification of illi te and 
smectitE!. 
3) Lack: of expansion of glycolated peaks after LicI 
treatment indicated that montmorillonite is the dominant 
smectitE~ species. The 14! position of the unexpanded 001 
smectite peak suggests that the exchangeable cations are 
ca2+, a::1d Mg2+. These cations are probably present in 2 
layers of water (Hume and Nelson, 1982). 
4) The 7! peak disappeared for almost all samples heated to 
550°C whereas the 14! peak remained intact indicating that 
chlorite is present rather than kaolinite (Fig. 3.17c). In 
addition, slow scanning across the 3.5-3.6! range revealed 
1 peak present at 3. 54! (chlorite) and no peak at 3. 58! 
(kaolinite). 
5) Heat:Lng samples to 350°C resulted in the disappearance 
of 18! :peaks and slight thickening of 10! peaks on the low 
angle side supporting the smectite identification. 
(ii) Grain Size Analysis of Clay Minerals 
Se:Lected samples werl~ separated into 2-4J.'m, 1-2J.'m, 
0.5-1J.'m r and < O. 5J.'m frac1:ions by centrifuging (Hume and 
Nelson, 1982; Jackson, 1956). orientated mounts were 
prepared and X-rayed as above. All samples exhibited the 
same behaviour. As grain size decreased the relative size 
of the quartz peak gradually diminished, whereas the size 
of the g'lycolated smectite peak at 18! increased. The major 
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quartz peak is significantly diminished in <0.5J,Lm fraction 
compared to the <4J,Lm frac1:ion (compare Fig. 3. 18a and b). 
These results reveal the increased concentration of 
smecti tE~S in the very fine grain size and the diminishing 
presencE~ of quartz. However in the <0. 05J,Lm fraction, quartz 
and albite are still relatively abundant compared with the 
clay minerals. 
(iii) (~uantitative Analysis of Clay Mineral Fractions 
Mineral proportions in samples (12 from ABE Unit D, 14 
Unit C, 4 Unit B, 4 TS/1, 5 ~rS/3, 5, SWC/1, 3 SWC/2) were 
determined separately for 1) quartz and albite, and 2) clay 
mineralH. 
Quartz and Albite 
Pure quartz and albitf~ minerals were milled to obtain 
fine gra.ined consistency of approximately <4J,Lm. Three tests 
were carried out to find the most precise method of 
quantifying quartz and albite. The tests are discussed in 
Appendix 2.0, Section A2. 2. The method adopted invol ved 
direct c:ompar ison of standa.rd peak heights with sample peak 
heights. Samples were X-rayed as dry packed powder mounts 
in aluminium holders (random orientation). 
Thts technique is semi-quantitative because the 
accuracy was not determined. ~rhe accuracy may be low due to 
interference from other minerals. 
The peaks used were quartz 4.251 and albite 3.191. Ten 
diffrac1:ograms were run for each standard to obtain the 
average peak heights. The average standard peak heights 
were directly compared to average sample peak heights 
(after 3 analyses of each sample). The results are 
summarised in Table 3.2. 
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Table. 3.2 Mean Clay Fraction Composi tions of Avon-
Heathco1:.e Estuary, Saltwater Creek Estuary, and Travis 
Swamp Sodiments 
. * Or~Jan~c Quartz Albite smectite Illite Chlorite 
AHE 
Unit 0 7.2 11.8 8.6 0.9 44 29 
unit C 5.9 11.4 8.9 1.0 44 29 
Unit B 5.9 11.6 9.0 1.0 44 28 
TS/1 5.0 13.0 9.8 0.8 45 2 7 
TS/3a 4.7 12.6 9.4 0.8 44 2 9 
SWC/1 6.0 10.5 8.2 1.4 49 25 
SWC/2 6.0 9.7 7.8 6.2 48 25 
(4% error on the mean va lues, CI=95%; * Organic matter 
content was determined by weight loss on igni tion, see 
Chapters 4 and 6) 
Generally speaking quartz and albite concentrations 
are uniform within and bet\veen the Avon-Heathcote Estuary, 
Sa 1 twatE!r Creek Estuary, and Travis Swamp. The organic 
matter:::ontent is tabulat.:!d for comparison, but will be 
discussed in Chapter 4. 
Clay Minerals 
Pure illite, chlorite, and smectite samples were not 
availab1e for this study, consequently a different approach 
was required. A number of authors have quantified the 
proportions of minerals pre.sent, assuming that the relative 
heights of the mineral peaks are proportional to the amount 
of each constituent presE~nt (Churchman, 1980; Biscaye, 
1964; Whitton and Churchman, 1987; Macpherson, 1978; Johns 
et aI, 1954; Weaver, 1961). Such an approach is not 
accurate but as long as the samples are prepared in an 
identical manner a high degree of precision can be 
obtained. It was decided for comparison to use the same 
method as Macpherson (1978), which is adopted from Biscaye 
(1964), Johns et al (1954), and Weaver (1961). The method 
involves direct comparison of peak heights using the 
following weighting factors: 18A x 1 (smectite), lOA x 4 
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(illite), 7A x 2 (chlorite). The traces from glycolated 
mounts were used to obtain separate montmorillonite (18A) 
and chlorite (14A) peaks. The results are summarised in 
Table 3.3. 
Table 3 .. 3. Percentage Clay Mineral in the Clay Mineral 
Portion of the I~lay Size Fraction. 
smectite Illite chlorite 
AHE 1.5 60 39 
TS 1.1 60 39 
SWCl1 1.9 6 1-.) 34 
SWC/2 7.8 61 32 
(error of mean is 3% at CI:=95% ) 
ThE~ Avon-Heathcote Es.tuary and Travis Swamp results 
(60% illite and 39% chlorite) are in close agreement with 
Macpherson I s findings of 60% illite and 40% chlorite. 
Macpherson ignored the contribution from smecti tes. The 
Sal twatE~r Creek Estuary clays are slightly higher in 
smectitE~s and lower in chlorite. 
Discussion 
ThE~ higher mean organic matter level found in unit D 
(Table 3.2) reflects the eutrophication of the estuary in 
modern 1:imes due to the release of nutrient (nitrogen and 
phosphorous) rich effluent from the sewage ponds (Chapter 
2, Sect, ion 2.7.3). The behaviour and significance of 
organic matter is discussed in detail with the heavy metal 
distributions in Chapter 4. 
The clay mineral content is generally similar between 
the three localities. However, both cores from Saltwater 
Creek Estuary contain slightly less chlorite and slightly 
more illite than either the Avon-Heathcote Estuary or 
Travis Swamp. In addition, smectite levels are 
signific:antly elevated in Saltwater Creek Estuary core 2 
(Table 3.3). 
SmE~ctites, illite, and chlorite are ultimately derived 
from rock weathering. Examples of source minerals include: 
110 
1) micas: and feldspars (illite), 2) ferromagnesium minerals 
such as olivine, pyroxene, amphibole (chlorite), and 3) 
volcanic glass and olivine (montmorillonite) (Blatt et aI, 
1980; LE~wis, 1982; Weaver, 1958). Transformation from one 
clay mi neral to another commonly occurs as a result of 
chemicaJ. changes during transportation, deposition, and 
compact:.on (Churchman, 1980) • The general similarity 
between all samples of this study in the shape of mineral 
peaks (all clear and sharp indicating good crystallinity) 
suggests that the minerals are detrital in origin. 
Therefore, the slight compositional differences between the 
Sal twat(~r Creek Estuary and the Avon-Heathcote Estuary are 
most likely caused by differences in proximity to source, 
and sediment reworking. 
Tho general similarity between the Avon-Heathcote 
Estuary and the Travis Swamp in grain size distributions 
and clay mineralogy sugge:3ts that the Travis Swamp clay 
minerals are excellent baseline samples for heavy metal 
analyseH of the Avon-Heathcote Estuary sediments. 
3.5.2 Sand Mineralogy 
Th(~ mineralogy of sands and silts from the three sites 
was analysed to determine the provenance (origin) of the 
sedimen1:s. 
3.5.2.1 Method of Sand Ana.lysis 
A portion of the sand fraction 2.5-3.5q, (88-180p.m) of 
6 Avon-Heathcote Estuary samples, 1 Travis Swamp sample, 
and 2 Saltwater Creek samples were separated into light and 
heavy minerals fractions by stirring in sodium 
polytunqstate (specific gravity (SG) , 2.89-2.96) in 
separat: .. ng funnels. After settling, the heavy fractions 
were poured into preweighE~d filter paper, washed free of 
sodium poly tungstate with distilled water, dried and 
weighed before petrographic examination. 
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ThE~ mineral proportions in the heavy mineral fractions 
were calculated semi-quantitatively . Individual minerals 
were counted in 10 fields of view for each sample, and 
adding the total of each. mineral for all fields. The 
percentage, of each min(~ral, was then calculated by 
di vidin9 into the total number of grains counted for the 
sample. 
Quartz and feldspar concentrations in the remaining 
light fraction were determined petrographically and by XRD 
(in the manner outlined in the clay section above). The 
organic matter percentage was measured by weight loss on 
ignition. The quantity of rock fragments was determined by 
countinq minerals petrographically. 
3.5.2.2 Results of Sand Analyses 
Table 3 .. 4 Percentage Composition of Sand Fractions 
Sand Quartz Albite Heavy Rock Organic 
sample Minerals Frag. Matter 
AHE/1 D 44 16 2.7 5-10 1.0 
AHE/1 C 43 19 0.8 5-10 1.6 
AHE/1 B3 42 18 0.8 5-10 1.3 
AHE/1 Al 44 18 1.1 5-10 1.0 
AHE/6 B:~2 44 17 0.7 5-10 1.3 
TS/1 2&3 45 19 1.1 5-10 1.4 
SWC/1 68 15 2.0 5-10 0.9 
SWC/2 52 16 1.1 5-10 1.0 
Pe1::rographic examination of the light fractions showed 
that quartz and feldspar bJgether formed 85 to 90 % of the 
mineral component, whereas the XRD analyses yielded 
approximately 60% quart:!: and feldspar. Hence, the 
quanti tati ve XRD method used here is not accurate and 
produce!:! low results. 
All sand fractions contained similar quanti ties of 
each mineral (Table 3.4). Again the general Avon-Heathcote 
Estuary suite is almost identical to the Travis Swamp 
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samples.. These results, provide further support for the 
interpr(~tation that the Travis Swamp estuary depos its are 
an older lateral equivalent: of the Avon-Heathcote Estuary. 
Th(~ two Saltwater Creek samples are higher in quartz 
than eit:her the Avon-Heathc:ote Estuary or the Travis Swamp. 
The Saltwater Creek sedim·,mts are either derived from a 
source higher in quartz than the Avon-Heathcote Estuary, or 
have followed a different transportation and sorting 
history .. The differences in the hydrodynamics of the two 
systems could explain the discrepancy. 
pe1:rographic analysis. of all sand fractions showed 
mainly Bubangular to subrollnded glassy or white quartz and 
feldspar, rock fragments, and occasional dark green oval 
shaped 9lauconi te grains and rounded quartz. The rounded 
grains have probably been derived from an offshore source. 
All Avon-Heathcote I~stuary samples except unit A 
containHd red brown crusty sUb-metallic matter that stained 
many of the minerals. This material was identified as Fe 
oxide possibly goethite. Similar material, except yellower, 
is associated with Saltwatlar Creek sand. This material may 
have a slightly different composition (limonite rather than 
goethi t(~) in the Saltwater creek Estuary. Iron oxide was 
not obsHrved in the Travis Swamp samples. 
Some Fe oxide in the Avon-Heathcote Estuary could be 
derived from weathering of volcanic minerals such as 
olivine and pyroxene. However most Fe oxide coated 
aggregates of coarse organic debris (grass like material, 
ash, and twigs), silt, and clay particles, which suggests 
authigenic precipitation during estuarine mixing. Hence, Fe 
oxide is probably precipitated in both estuaries during 
estuar ine mixing (Chapter 1 f Section 1. 4). However, the 
anaerob:Lc conditions in the Avon-Heathcote Estuary 
sedimen1:s do not favour long term stability of Fe oxide. 
Hence, 1:he coatings observl~d on the Avon-Heathcote Estuary 
sand grains probably formHd, after sample collection, by 
oxidation of anaerobic authigenic Fe compounds (such as 
sulphid(~s , and carbonates). In contrast the red brown 
Table. 3.5 Heavy Mineral Concentrations in Sand Fractions(~) 
Mineral AHE/1 0 AHE/1 C AHE/1 B3 AHE/6 B22 AHE/1 A AHE/4 8 TS/1 B/C SWC/1 SWC!2 Torlesse K-T 
Ilmenite 3.3 2.3 .8 .8 1.4 3.3 27.3 44.5 
Mdyr"n::t i i~ i.i .3 . i .4 .5 .4 .) .4 2.5 .6 2.2 
Rock Fragment 35.6 26.4 33 25.9 29.5 32.7 32.5 20.2 33.2 27.4 10.2 
Biotite .3 10 13.4 18.6 3.7 10.2 8.6 1 2.1 12.4 .8 
Chlorite 1.6 5.7 3.3 11.1 .7 2.8 3.5 1 1.7 2.7 3.2 
Garnet 3.6 2.1 .3 .7 .4 1 2.9 1.7 
Zircon 3 5.7 .7 2.8 1.5 2 1.3 3.1 7.3 
Titanite 2.3 1 2.2 .4 1.5 .5 .4 3.3 1.1 
Epidote 8.2 4.7 4.4 2.5 5.9 8.6 4 6 12.4 12.3 9.2 
Clinozoisite 4 3.6 4.1 1.4 2.9 5.5 4.6 2.5 3 3.1 10.8 
Tourmal ine .3 1 .4 .5 1 .2 1 
Pumpel lyite 26 26 35 30.7 45 30 33 52 37 1.4 .7 
Hornblende 1.3 2.6 1.6 1 .8 5.3 
Apatite 1.6 3.6 2.1 1.5 .8 2 4.5 .9 2.3 1.3 
Allanite .3 .7 
Augite 6.3 1.6 1.6 1.1 5.2 2.8 3 5 .4 
Muscovite 1.3 1.1 2.5 2.9 .8 3 1.3 
K-T; Cretaceous-Tertiary Sediments 
-, no data 
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coloura1:ion was present when the Saltwater Creek cores were 
opened (Fig. 3.14). 
ThE! organic matter and Fe oxide coatings may be a 
major s:.nk for heavy metal ions in each estuary. 
3.5.2.3 Heavy Mineral Analyses 
Table 3.5 contains the results of the heavy mineral 
analysis of this study together with the average heavy 
mineral content of 72 samples from the Mesozoic Torlesse 
Terrane I and 171 samples from Cretaceous-Tertiary sediments 
examined by Smale (1988). The Torlesse rocks consist of 
slightly metamorphosed quartz arenites which are derived 
from schists forming the Southern Alps west of Canterbury 
(Fig. 2.1). The Torlesse rocks lie to the east of the 
Southern Alps along the foothills bordering Canterbury and 
Southland. The Cretaceous-Tertiary sediments are eroded 
TorleSSE! sediments and are common allover canterbury 
(Smale, 1987 and 1988). 
In:i. tial examination of the Avon-Heathcote Estuary, 
Travis Swamp, and Saltwater Creek Estuary suites suggests 
either igneous or metamorphic source rocks. Minerals 
derived from either geological environment include biotite, 
augite, apatite, hornblende:, ilmenite, magnetite, and 
muscovite (Milner, 1963; Shelley, 1982). However, a Banks 
Peninsula volcanic origin appears less significant because 
1) ti ta.ni te, zircon, tourmaline, and garnet, are more 
commonly associated with metamorphic or plutonic igneous 
terranes, 2) Banks Peninsula volcanics are devoid of 
biotite .. ilmenite, and muscovite (Dr S.D. Weaver, per. 
comm.), and 3) pumpellyite, clinozoisite, epidote (together 
with chlorite) are diagnostic of low grade metamorphic 
rocks. In addition, pure albite (which is common in all 
grain sizes of this study) is indicative of metamorphism to 
the hiqher grade amphibolite facies (Shelley, 1982). 
NeverthE~less, some chloritE!, plagioclase feldspar, and most 
of the less durable augite and apatite, are probably 
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derived from the Banks Peninsula volcanics. 
The semi-opaque debris (or rock fragments) are more 
informat.ive than the individual minerals themselves. The 
rock fragments are generally white, yellow, or blue green 
in colour. These fragments are unlikely to be derived from 
the Bank Peninsula volcanic rocks because fine grained 
volcanic matter is usually grey to opaque in colour (Smale, 
1988). The rock fragments are diagnostic of a Torlesse 
source for the sands, consisting of combinations of 
epidote-pumpellyite, muscovite-pumpellyite, quart-
pumpellyite, chlorite-pumpellyite, chlorite-epidote, and 
zircon-epidote. These combinations are definitive of 
saussur:Ltisation (plagioclase alteration) of basic igneous 
rocks by low grade metamorphism (Whitton and Brooks, 1972). 
However.. some apatite-pumpellyite rock fragments may be 
derived from local volcanic rocks. 
Consequently it is concluded that the heavy mineral 
suites of the Avon-Heathcote Estuary, Saltwater Creek 
Estuary" and Travis Swamp are dominated by sediments 
derived from Torlesse and cretaceous-Tertiary rocks. The 
lower concentrations of heavy ilmenite (SG 4.8) and 
magneti 1::e (SG 5. 1), togethe:r with the higher concentrations 
of light.er pumpellyite (SG 3.2), found in the samples of 
this study, suggests that these modern sands are 
predominately derived from aeolian deposits (which were 
themselves derived from thc~ older rocks). Locally the most 
likely sources are Post-Glacial and Late Pleistocene Loess 
depositB covering the Canb~rbury Plains and flanking Banks 
Peninsula. 
3.5.3 IHneralogy of silt Fractions 
ThE~ silt compositions 'were determined by XRD with 
quantitative analysis of quartz, albite, illite, chlorite 
using the same methods as described in section 3.5.1. The 
organic matter and rock fragment concentrations were 
determined in the manner d,escribed in section 3.5. 2. 
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Table 3.6. Percentage Composition of silt Fractions 
silt Quartz Albite Illite Chlorite Organic 
sample Matter 
AHE/3a D 33 19 7 4 2.2 
AHE/3b D 30 19 6 2 2.6 
AHE/2 Cl2 32 18 7 4 2.4 
AHE/5 ClO 35 19 9 5 2.0 
AHE/6 C:;, 35 21 9 5 1.7 
AHE/3a B 36 19 '7 6 2.2 
AHE/5 B~: 30 22 '7 4 2.0 
AHE/6 B~:2 34 16 9 4 2.2 
TS/l 2 35 22 10 4 1.8 
SWC/l 10 33 16 I) 3 1.8 
The silt compositions presented in Table 3.6 are 
relativE!ly uniform for the Avon-Heathcote Estuary, Travis 
Swamp, a.nd Saltwater Creek Estuary. There is no significant 
depth OJ:' locational preference for any mineral. The silt 
fractions contain approximately 10% less quartz than the 
sand fractions, which is balanced by addition of a little 
over 10~~ clay minerals, and a slight increase in organic 
matter. 
3.5.4 Discussion of Minera.logy 
ThE! mineralogy and grain size distributions indicate 
that thl~ sediments of the Saltwater Creek Estuary, Avon-
Heathco1:e Estuary, and Travis Swamp are derived principally 
from, 1) Quaternary loess deposits, and partly from 
Quaternary fluviatile depo:;its. Both of these sources were 
themselves derived from the ~rorlesse Supergroup sediments 
located along the foothill::; of the Southern Alps. 
Quaternary loess deposits are widespread over the 
canterbury area and are over 8-9m thick on the northern 
flanks of Banks Peninsula (Griffiths, 1973; Ives, 1973; 
Raeside" 1964). The loess was deposited in two stages 1) 
Late Pleistocene, ceasing about 10 I 000 years ago and 2) 
Post-glacial, with deposit:ion continuing today along the 
banks of many braided rivers in the region. The loess 
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mineralogy is similar to Torlesse sandstones and 
Cretaceous-Tertiary sandstones (quartz and feldspar 
constituting 90%), except some minerals have weathered to 
clays which make up about 20% of the sediment. The grain 
size distributions of these aeolian sediments parallels 
unit C and Travis Swamp deposits. 
ThE! results of the Chapter 2 indicate that unit C was 
derived from the loess deposits covering the Christchurch 
area and the Port Hills, during a period of river sweeping 
between 1925 and the 1950' s. The carbon date from the 
Travis Swamp shows that similar estuary sediment 
accumulated 1000 years earlier. Hence, the Travis Swamp mud 
probably belongs to the source of Unit C sediment. 
ReE!d (1951) examined 1:he mineralogy of sands near the 
mouth of the Avon-Heathc01:e Estuary and found an almost 
identical heavy mineral and light mineral assemblage to 
that eXclmined in this study. In addition, shallow offshore 
sands showed identical grain size distribution to unit A. 
Reed found the mineralogy of sands at the mouth of the 
Waimakariri similar to sands near the inlet of the Avon-
Heathcot:e Estuary. These finds indicated that sediment in 
Pegasus Bay south of the Waimakariri river is derived 
ultimatE!ly from weathering of Torlesse quartz and 
feldspat:hic sandstones in the catchment area of the 
Waimakariri River. Such deposition patterns must have been 
predominant for a long time because wells in the 
Christchurch area do not rE!ach volcanic rocks until depths 
greater than 60-70m (Brown and Wilson, 1988). The bulk of 
the med.Lum fine sands in the Avon-Heathcote Estuary are 
probably derived from shallow marine sediments in Pegasus 
Bay, which are themselves derived from the Waimakariri 
River. Coastal transportation explains the presence of a 
few rounded glauconite and quartz grains in the sands. In 
contrast: the coarse sands in the Saltwater Creek Estuary 
are derived directly from the Ashley River. The sediments 
in Salt'ofater Creek Estuary are most likely also derived 
from Torlesse rocks. 
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3. 6 DA~l'ING OF SEDIMENTS AND ESTIMATION OF SEDIMENTATION 
RA,]~ES 
Determining sedimentation rates during historical 
. . .. the. d" t1.mes 1.S d1.ff1.cult becaus'e Amost w1.dely used ra 1.ometr1.c 
. . (C-14) 1 . 1 t d' dat1.ng t:echn1.que'A are not app 1.cab e 0 se 1.ments younger 
than 250 years. Hence, it is helpful to identify marker 
beds that correlate with historical events. stratigraphic 
marker beds include wood chips from log milling (Hume and 
Gibb, 1987), and changes in pollen distributions (Hume and 
McGlone I 1986), while chemical marker beds include 
contaminants such as heavy metals and organo-chlorine 
compounds (Hume, et aI, 1989).. Knowledge of marker beds and 
other h.istorical data are often incorporated into 
radiomet:ric dating calculaticms (such as 210pb) to obtain 
accuratE~ age profiles and :;edimentation rates. 
In the following sec1:ion all sediment units of the 
Avon-Heathcote Estuary are accurately dated using a 
combinat:ion of 210pb profiles, 14C ages, pollen profiles, 
and the historical records of Chapter 2. 
3.6.1 Carbon-14 Dating of Shell Material 
ThE~ first dating methcd undertaken was 14C analysis of 
shell beds. Two composite shell samples (M36/f43 and 
M36/f44), from a deposit near the base of unit C in cores 
AHE/2a-d, were sent to the Institute of Nuclear Sciences 
(INS), Lower Hutt (NZ) for 14C dating. A sample of shells 
(M35/f26) from the Mactra ovata bed along side the Avon 
channel near Pleasant Point, was also dated (Chapter 2, Fig. 
2.9) . 
ThE~ position of the shell layer in core AHE/2a is 
shown in Fig. 3.19. The age of the shell layer is 350±60 
years B.P. The historical evidence presented in Chapter 2 
suggests that this shell horizon is younger than 1927. 
Most shEllls were articulatE:!d and in life position, so they 
cannot have been transportl;~d from older sediments. The 
+ C14 laboratory dala is in the back pocket of the thesis. 
Fig. 3.19 Stratigraphic Sequence in core AHE/2a. 
The contacts between units B and C, 
and C and1~ are marked by horizontal 
lines. *, C sample; Cp, coal particle. 
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sediment was slightly blackened at the top of unit Band 
base of unit C in most corE~S. Charcoal and ash occurred in 
this layer. In fact, a charcoal particle is visible in Fig. 
3.19. Such material is mos1: likely derived from burning of 
fossil fuels during the early period of industrialisation 
(Chapter 2, section 2.8). Coal, ash, and lime are high in 
"dead carbon" isotopes and are therefore low in the young 
isotope 14c. River transport of coal, ash, and charcoal 
particlos to the estuary bed, during the early period, 
would have contaminated the benthic environment with dead 
carbon (Dr J.McKee, INS, pers comm.). Carbon dioxide and 
carbonat:e ions derived from lime burning may also have been 
a source of dead carbon to the sediments. Dead carbon 
probably became incorporated in the shells of the benthic 
dwellen; during their lives, which explains why such an old 
age was obtained. This interpretation is confirmed by 210pb 
and pollen profiles discussed in Sections 3.6.2 and 3.6.3. 
ThE~ age obtained for the Mactra ovata shell beds is 
"post Bomb", which means the shellfish were alive during or 
after the nuclear testing in the Pacific from 1945-1972 (Dr 
J. McKeE!, (INS), pers comm.). During nuclear testing 14C is 
released into the atmosphere in large quantities. The 120% 
14C vahle obtained for the shells corresponds with peak 
nuclear testing during the 1960's (Dr R. Spike, INS, pers 
comm.). 
Tho 1960' s age of the Mactra ovata shell beds and 
photographic evidence in Fig. 2.9 indicate that, near 
Pleasan1: Point, sediment has accumulated very slowly in 
recent t:imes. In Figs 2. 9a and b the shell beds are exposed 
only WhEtre the Avon River channel has cut westward into the 
mud fla1:s. The small side channel in Fig. 2. 9a shows that 
the shell bed extends beneath sediment to the west of the 
Avon ch.3.nnel. In other words this shellbed is buried by 
modern sediment in areas away from the channel. If the 
estuary was undergoing oveJ::-all erosion then the shell beds 
would bo fully exposed across the mud flats. 
ThH shellfish may havE~ been killed during a pollution 
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event (Chapter 2, section 2.3.4). During the 1950's when 
Christchurch was undergoing rapid growth, raw sewage 
frequen1:ly entered the es1:uary along the western slopes, 
when thf~ treatment plant was overloaded (J. Pollard, pers 
comm.). such an incident ma.y have killed the shellfish. 
A layer of dead shellfish was found between 45-50cm in 
core MIE/6 (Appendix 2.0, section A2.1), which was 
collectHd 50m up slope of 1:he shellbed. The shell layer in 
core 6 lnay correlate with the shellbed exposed along side 
the channel. Mactra ovata normally live 20cm below the 
surface (living assemblages were present in cores MIE/4 and 
AHE/6). Assuming the two sh.ell layers are the same then the 
shellfif;h were flourishin9 during Unit C deposition and 
their clge (early 1960' s) corresponds to that of the 
sedimen1: 20cm higher up (25-30cm level), which is 10cm 
below the top of Unit C. Hence, the upper contact of unit 
C is prc)bably after 1960 in the Avon depository. A further 
25cm of sediment has accumulated in the area since the 
early 1960's which corresponds to a sedimentation rate of 
around O.9cm per year. 
3.6.2 I,ead-210 Dating of Core AHE/la 
Because the radiocarbon dates of the shell layer at 
the base of unit C, are inconsistent with the findings of 
the historical synthesis, a 210pb dating technique was 
developHd and tested on core AHE/la. 
3.6.2.1 Introduction 
Lead-210 is produced from 222Rn (radon-222) decay 
through a series of short lived daughter isotopes (Po, Pb, 
Bi). In sediment and soils mineral bound 226Ra (radium-226) 
decays 1:0 222Rn its inert gas daughter element. The 222 Rn 
(t~=3. 8 days) then diffu::;es out of the soil into the 
atmosphE~re where it rapidly decays to 210pb (t~=22 years) 
which, in particulate fona, is subsequently deposited on 
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the land surface. The rate of deposition of 210pb has been 
constant:, when normalised for rainfall, throughout recent 
history (Dr M. Matthews, National Radiation Laboratory 
(NRL), christchurch, New Zealand, pers. comm.). 
consequEmtly 210pb has proved to be an important nuclide in 
the stu.dy of sedimentation on a human time frame of 
approxiTilately 100 years (Chanton et aI, 1983; Ivanovich and 
Harman, 1982; Matthews and Potipin, 1985; Stiller and 
Imboden I' 1986). 
Soil and sediment bound 210pb consists of the 
following forms: a) mineral 210pb (210pb produced by 222Rn 
decay within the mineral lattice), b) interstitial 210pb 
(210pb adsorbed on mineral particles due to decay of 222Rn 
after escape from the host particle, before diffusion into 
the atmosphere), c) fallom:. 210pb (produced by 222Rn decay 
in the atmosphere followed by deposition attached to 
aerosol particles) (Matthews and Potipin, 1985). Total 
210pb (mineral, interstitial, and fallout) is normally 
extractf~d by severe acid attack on sediments, usually 
invol ving HF, which brealks down the mineral lattice. 
Extractable 210pb (fallout: and interstitial) is commonly 
studied by digestion in dilute HCl or HN03 (Chanton et al., 
1983; Matthews and Potipin, 1985). 
Sources of Error in 210pb Profiles 
Conditions 
influence 210pb 
other than radioactive decay 
distributions in sediments 
which 
include 
compaction, post-depositional nuclide migration, smearing 
during coring, variation in sedimentation rate, 
bioturbation, and grain size distributions (Tanaka et al., 
1983). 'rhe 210pb content of 'the sediments also depends on 
the proportions of constituents that make up the sediments 
such as shells (foraminifera), organic matter, and 
authigenic minerals (such as Fe/Mn hydroxy compounds). 
Lead-210 may be enriched in organic matter, which often 
migrates in interstitial waters during organic 
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decompoe;i tion (Ivanovich and Harman, 1982; Sharma et al., 
1987) . 
In estuaries, the majority of fallout 210pb is 
transported to sediments attached to particulate matter 
(particularly clays and organic matter) (Chanton et aI, 
1983). Stiller and ImbodlE'm (1986) studied 210pb phase 
relationships in the water::; and sediment of Lake Kinneret, 
Israel, and found 25% clf the flux derived from the 
atmosphE~re, 55% from river transport on particulate phases, 
and 20% from decay of 222Rn in the water column. They 
discovered that 90% of ineoming 210pb from the atmosphere 
and watf~rs is lost to the sediments of Lake Kinneret. The 
resul ts of the Lake Kinneret investigation and similar 
studies (Appleby and Oldfield, 1978) indicate that 
accelerated deposition will dilute 210pb activities, 
because sediment surfaces are buried before adsorbing a 
signifieant quantity of th,e fallout 210pb . 
Of1:en 210pb concentrations in surface sediments are 
consistent for 10's of centimetres because of biological 
mixing. Realistic sedimenta.tion rates may be obtained from 
bioturbated sediment providing the deposition rate is high 
and bi01:urbation is effective only in the first few cm. In 
some caE,es where bioturbation is persistent to considerable 
depths, complex mathematical corrections have produced 
results comparable with similar undisturbed sediment 
(Gardner et aI, 1987; Ledford-Hoffman et al., 1986; Sharma 
et a 1., 1987). 
Thf~ other important influence on 210pb profiles in 
sedimen1:s is grain size. Due to the dynamic nature of 
marine (particularly estuarine) environments, 210pb studies 
often yield anomalous profiles. Where the sediment is 
clearly unbioturbated the cause is usually variation in 
sand and mud content. Chanton et a1. (1983) studied 
sedimeni : profiles from Cape Lookout Bight, a rapidly 
changinq coastal basin on t~he outer Banks of North Carolina 
(USA). The sediment column grades upwards from coarse 
grained to fine grained material over a 40 year period due 
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to chanqes in the Cape configuration. Consequently, 210pb 
distributions are progressively diluted with sand at depth. 
Sand, silt, and clay fraction analyses revealed the 210pb 
activity of clay is 3.2 x silt, and 24.7 x sand. Lead-210 
activities corrected for mud content yielded dates 
confirming the recorded ages of sand layers corresponding 
to storm events. 
3.6.2.2 The Method of 210 pb Extraction 
Lea.d-210 dating depends on the precise and accurate 
determination of fallout 210pb . There are several methods 
commonly used. Some worker:; prefer analysing fallout 210pb 
by dissolution and comparison of total 210pb and total 
226Ra levels with assumptions regarding 226Ra /222 Rn 
equilibrium in sediments (Ledford-Hoffman et aI, 1986; 
Moore and Poet, 1976). Simpler methods involve extraction 
of the 210pb derivative 210po (Polonium-210) using dilute 
acid and auto-plating onto silver discs (Chanton et aI, 
1983; F'armer, 1978; Finnl~y and Huh, 1989; Robbins and 
Edginton, 1975: Sharma et aI, 1987). 
Polonium extraction was used in this study. Dr. Murray 
Matthews of the National radiation Laboratory, Christchurch 
(NRL), a.ssisted with method development and supervised the 
instruml~ntal analysis of the polonium plated discs. The 
development of methods is discussed in Appendix 2 .0, 
section A2.3. 
Milled 5g samples wer,e boiled for 1 hour, with 1ml of 
7.7dpm/ml 208po tracer, in 1M HCI, with stirring. After 
extraction the solutions were filtered and diluted with 
double distilled water to O.5M HCI. Ascorbic acid (O.lg) 
was added to complex Fe. Pre-cleaned (see Appendix 2.0, 
section A2.3) silver discs were suspended in the solutions, 
at 80-9!)oC, for 4 hours to allow the nuclides to self plate 
on the discs. The radioactivity of the discs was measured 
using alpha spectroscopy by Dr M. Matthews of the National 
Radiation Laboratory, Christchurch. It was assumed that the 
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210po activity is in equilibrium with 210pb activity. 
3.6.2.3 Analysis of Core ABElla 
Sediment in the Avon-Heathcote Estuary varies from 
almost pure sand to greab~r than 80% mud, and the most 
recent sediment layer, unit. 0, is intensely bioturbated in 
many places. Thus it was difficult to find a core that 
contaim~d a thick and undisturbed sediment sequence. Core 
AHE/1a :Erom near Sandy Point was chosen; the sediment is 
almost I~ntirely unbioturbated except for a small section 
across i:he contact between Unit C and Unit 0 (Fig. 3. 3a) . 
ThE~ subsamples (spanning 4cm) were extracted and 
plated 2 at a time. The international Reference SO-N-1 
(IAEA) 'tlas analysed with every third pair of samples, and 
the results are presented in Table 3.7. 
Table 3 .. 7 Lead-210 Results for SD-N-1 
Number Mean(X) M.~an (J.L) Confidence Yield 
Analyses (mBq/g) (mBq/g) Interval (X//J.) 
(a=.05) (%) 
4 104±1 138 101-155 75 
1Bq 1 decay (d)/ second, therefore 1dpm=1/60Bq. 
Xi mean of SO-N-1 analyses. 
JJ.i cert:Lfied mean (IAEA, 1988). 
ThH count rate of SO-N-1 was 104 mBq/g which is within 
the con:Eidence interval of: IAEA (1988). The precision of 
the method was greater than 99%. Several blank samples were 
measured and found undetec·table. 
Separate sand, silt, and clay samples were analysed, 
from units 0 and C, to fi.nd the proportion of 210pb 
adsorbed in each grain sizl~. 
Table: 3.8 
Sample 
AHE/1D1 
1C1 
Average (%) 
Lead-210 Activity in Sand, Silt, and Clay 
Fractions 
Sand 
0.588 
0.397 
11 
Silt 
0 .. 911 
0 .. 947 
17 
Clay (dpm/g) 
3.916 
3.794 
72 
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ThE! results of the grain size analyses reveal that 89% 
of the 210pb is entrained in mud particles with 72% held in 
the clay fraction. This result suggests that the majority 
of fallout 210pb is transported to the Avon-Heathcote 
Estuary attached to clay and silt particles and possibly 
organic matter associated with clay particles. 
Analysis of clay or mud samples alone would produce 
the best. results. However, after heavy metal and grain size 
analyses, the silt and clay fraction samples left weighed 
less than 0.5g. Lead-210 analyses attempted on these small 
samples yielded activities below detection. Therefore, 
total sodiment samples of 5g were analysed and normalised 
to mud c:ontent «63J.£m). Tho results are presented in Table 
3.9 and Figs 3.20a and b. 
Fi9ure 3.20a contains the 210pb (210po) activities for 
the total sediment not corrected to the mud content. The 
activities generally increase with depth which reflects the 
increasing mud concentrations of samples. The same data 
normalised to the mud content is presented in Fig. 3.20b. 
ThE!re are two main met.hods used in the literature for 
calculat:ing ages from excess 210pb profiles. The first 
model assumes a constant initial concentration (CrC) of 
210pb at: the sediment surface. This model assumes that the 
specific activity of the sediment source has remained 
constant: over the period that the sediment was eroded and 
depositE~d. The relative age at any depth is calculated 
using: 
t=(1/-n)ln(Az/Ao) 3.1) , 
Oepth 
(em) 
4 
8 
12 
16 
20 
24 
28 
33 
37 
45 
53 
62 
70 
78 
81 
Table 3.9 Results of 2l0pb J~alysis of Core AHE/la 
Sample 
102 
103 
104 
10-C/l 
1D-C/2 
1D-C/3 
1D-C/4 
1C1 
1C2 
1C4 
1C6 
1C8 
1C10 
1C12 
1C13 
Mud 
(%) 
7 
7 
7 
25 
46 
35 
34 
57 
73 
55 
54 
77 
70 
45 
35 
2l0pb 
(dpm/g) 
±6% 
.799 
.595 
.583 
.818 
.841 
.879 
.771 
.972 
.905 
.748 
.886 
1.16 
.944 
1. 032 
1.162 
210pb 
normalised 
to mud % 
10.3 
7.63 
7.4,9 
3.00 
1.72 
2.33 
2.10 
1. 62 
1.20 
1.29 
1.56 
1. 4 7 
1.30 
2.15 
2.43 
210pb 
from 
Fig. 3.20 
10.3 
8.3 
5.5 
3.5 
2.0 
1.77 
1. 65 
1. 65 
1. 60 
1.55 
1. 51 
1.50 
1.49 
1.49 
1.45 
Age 
±10years 
1979-1986 
1971-1981 
1958-1968 
1948 (1954) 
1929 (1936) 
1926 (1932) 
1924 (1930) 
1924 (1930) 
1923 (1929) 
1922 (1928) 
1921 (1927) 
1921 (1927) 
1921 (1927) 
1921 (1927) 
1920 (1926) 
Ages are calculated relative to the surface Ao=1988. 
Ages in brackets are calculated relative to the base of 
unit C (lC13) I where Ao=1926 (from historical data in 
Chapter 2) • 
Samples 1D-C/1-4 are from th,e bioturbated zone between 
units D and C. 
where Ao equals the excess 
of known age (such as the 
210pb activity recorded at 
decay constant 1T=0.03114 
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210pb activity at some horizon 
surface) and Az is the excess 
an unknown horizon. The 210pb 
y-1 (Chanton et al., 1983; 
rvanovich and Harman, 1982). 
ThE~ other model commonly used involves the assumption 
of const:ant rate of supply of 210pb to the sediment surface 
(CRS). The CRS model is normally applied to sediments 
suspectEad to vary in sedimentation rate (Appleby and 
Oldfield, 1978). The calculation for the CRS model is 
identical to that for the erc model, except that Ao and Az 
are derived from the nuclide activity versus mass-depth 
(g/cm3 ) curve rather than the nuclide activity versus depth 
curve. This calculation assumes that rapidly deposited 
sedimen1:.s are less well compacted than slowly deposited 
sedimen1:s. The CRS model should only be applied to 
homogenE~ous sediments because muds naturally compact 
considerably more than sands. Hence, rapidly deposited mud 
contains greater densitie::; than slowly deposited sands, 
which wI:)Uld yield erroneous results using this model. The 
mass densities of unit D and C sediment are 2.36g/cm3 and 
2.71g/cm3 respectively, vThich suggests (using the CRS 
model) that unit C was dE!posited at a constantly slower 
rate than unit D. The sedimentological and historical data 
indicat.~s that Unit C was deposited more rapidly than Unit 
D, henc~~ mass density corrl:actions cannot be implemented in 
this study. 
For the above reasons the crc model was adopted and 
relativl:a ages of each sample calculated using equation 3.1 
taking Ao as activity a1: surface (1988), and ages in 
bracket::; taking Ao=1926 at the base of Unit C (sample 
AHE/1C1:3; Chapter 2). 
Thl:a core contained a bioturbated zone between 
subsample 1D-C/1 and 1D-Cf4 (17-30cm), which is not 
included in the sedimentat.ion rate calculations. The 
presenc,e of this bioturba1:ion zone suggests some loss of 
sediment: between unit C and D deposition. However, the top 
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17cm of unit 0 is not bioturbated (Fig.3.3a). 
ThE! CIC model assumes that the flux of sediment and 
210pb rE:mains constant at a particular locality with time. 
However, historical, grain size, and mineralogical data 
show tha.t units 0 and C arE! compositionally dissimilar and 
have accumulated at significantly different rates. Assuming 
that Un:L t C was deposited more rapidly than Unit 0, and 
that a1:mospheric fluxes of 210pb remained constant 
throughout the deposition of both units, then unit C 210pb 
levels should be diluted relative to unit o. In addition, 
the 222Rnj226Ra equilibrium with 210pb may vary between the 
essenticllly sand unit 0 and essentially mud unit C, because 
222Rn escapes more rapidly from porous sand than mUd. 
Hence, the two straight line sections corresponding to each 
unit, of Fig, 3.20b, will be regarded separately. unit 0 
dates and sedimentation rates are calculated using the 
surface as the datum (Ao=1988), and Unit C dates are 
calculat:ed using the base of unit C as the datum (Ao=1926, 
from Chapter 2). Such an approach should not only produce 
more accurate ages for each 
estimatE! of the amount of 
bioturbated zone. 
layer, but also allow an 
time missing across the 
ThE! anomalously high 210po activities found for 
samples 104 (12cm), 1C12 (78cm) and 1C13 (82cm) are most 
likely due to high organic matter levels, which can be 
correlated to anthropogenic activity surrounding the 
estuary. Towards the basE~ of Unit C, the mud content 
deCreaSE!S while sand and organic matter (including coal and 
coke particles) levels increase (see black layer Fig. 
3.2b). organic matter has a tendency to adsorb nuclides 
from thE! surrounding environment during transportation and 
after dE!position, which explains the high 210pb levels in 
these samples. 
Generally speaking the near horizontal shape of the 
unit C 210po activity curve in Fig. 3.20b reflects the 
extremely rapid deposition of this silt layer in the 
estuary. Ignoring the bio"t:urbation zone, Unit C spans a 
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time range of 4 yean; which corresponds with a 
sediment:ation rate of 12. 5cm per year. Extrapolation of the 
unit C curve to the middle of the burrowed zone, where the 
curve c~osses the unit D curve, reveals an age of 1936, 
using Ao=1926 from the base of Unit C. Further 
extrapolation to the top of the bioturbation zone reduces 
Unit C's: sedimentation rate: to 6.5cm/year and gives the mud 
layer a 10 year time span. 
ThE~ Unit D sedimentation rate of O. 43cm/y is 
considerably slower than Unit C. Therefore, the individual 
subsamples (4cm) contain 9 years of deposition. Such large 
subsampling ranges may have resulted in important heavy 
metal contamination episodes being overlooked in this 
study. In future smaller divisions (1-2cm) should be 
studied. 
ThE~ age calculated whEare the two curves cross is 1929 
using Ao=1988 at the surface. A discrepancy of 7 years 
exists :between dates produced from each curve, which is 
within l:he 10 year experimental error of this technique. 
This rE~sult supports thEa conclusions drawn from the 
historical analysis (ChaptE!r 2) in that: 1) bioturbation is 
a natural component of sedimentation in this area of the 
Avon-Heathcote Estuary, 2) sedimentation is more rapid than 
reworking by benthic fauna, and 3) bioturbation is more 
likely responsible for rE!distribution of sediment in a 
given area, over a period of time, than erosion leading to 
sedimen1: removal from the .~st.uary. 
ThH basal unit C sub::iample is 1920, using Ao at the 
surface- 1988, which is only 6 years younger than 
suggestE!d by historical records. Considering 1) method 
errors, 2) the dissimilar sediment textures of units D and 
C, and 3) the differences in sedimentation rate between the 
two unit;s, the 210pb profiles show excellent agreement with 
the historical data in Chapter 2. 
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Conclusion of 210pb Analysis 
The 210pb profile cf core AHE/1a agrees with the 
histori<:::al evidence that unit c was deposited after 1925 
and not between 1850 and 1875 as concluded by Macpherson 
(1978, and 1979). The 210pb ages also support the 
conclus:Lon that the shells 14C dated, from the base of Unit 
C, were contaminated with dead carbon from coal and lime 
burning during the early industrial period of Christchurch 
(1860 to 1930). 
ThH differences betwelan Figures 3. 20a and b show that 
grain size correction is e!;sential when studying sediments 
contain:Lng large variability in sand, silt, and clay 
content. 
ThH reasonable agreement between ages where the unit 
D and C curves cross, in the bioturbated zone, suggests 
that li1:tle or no sediment has been eroded from the estuary 
in hisb:>rical times. This result is in agreement with 1) 
evidencE~ of continuous sediment deposition disclosed by the 
carbon-14 age of the Mactra 9vata beds at Pleasant Point, 
and 2) the 1960 to 1977 bed level data of Macpherson 
(1978), which shows slow sediment accumulation on the 
western slopes and near the river entrances, with minor 
erosion near channel edges. The Unit D sedimentation rate 
of 0.43cm per year is similar to the value (0.9cm per year) 
estimatf~d from the 14C age of the shells exposed at 
Pleasan1: Point (Section 3. 6. 1.) • 
3.6.3 Pollen Analysis of cores AHE/3a and SWCl1 
3.6.3.1 Pollen Profile from Core AHE/3a 
Pollen profiles from core AHE/3a and SWC/1 were 
examined by Dr Matt McGlone of the Botany Division 
(Department of Scientific and Industrial Research, DSIR). 
The aim of the pollen study was to identify known 
stratigraphic datums; 1) Polynesian burn off of the 
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hinterland of Canterbury 700-800 B.P., 2) European arrival 
around 1850, and 3) major pine tree planting after World 
war 2 (~lW2). 
Fig. 3.21 contains the results of the pollen analysis 
of core AHE/3a. The results are presented as percentage of 
total pollen excluding the Wetland plants and ferns which 
are insignificant in number. The basal sample 3a/A4 (114-
115cm) of unit A dates from early Polynesian times, which 
is based on the high percentage of native podocarp trees, 
low grass and bracken content, and high concentration of 
native ,..,etland plants such as sedge. From 115cm to' 95cm, 
the dramatic bracken and grass increase, combined with the 
sudden decrease in sedges and podocarp tree pollens 
indicatE~s recolonisation of Canterbury by secondary plants. 
Dr McGlone has examined pollen profiles from throughout 
Canterbury, and has founel that the sudden increase in 
bracken and grass is a universal datum that correlates with 
carbon dates between 400-800 B.P. (depending on locality) 
(McGlonE~, 1989; McSaveney and Whitehouse, 1989). 
It is an interestinq correlation that the sudden 
increasE~ in secondary plant:s is found at the top of Unit A, 
just prior to the formation of the Avon-Heathcote Estuary. 
Near the end of the period that Canterbury was deforested 
by Polynesian burning activit:y (450 B.P.), a major period 
of coastal dune building commenced (McFadgen, 1989). 
According to McFadgen, coastal progradation and dune 
buildin9 occur at times when erosion rates are high. The 
accelerated erosion at the beginning of the Ohuan dune 
buildin9 phase was most likely brought about by the 
deforest:ation of Canterbury. ~rhe pollen data imply that the 
Avon-Heathcote Estuary evolved during the Ohuan dune 
buildin9 phase, around 450 years B.P., and hence may have 
formed as a result of Polynesian activity. 
Dr McGlone places the European datum (1850) around 49-
50 cm sample 3a B5. This datum is 20cm below the base of 
unit C ,:29cm) and 10cm below the diffuse zone where units 
C and B merge (Fig. 3.22). The position of this datum is 
Fig. 3.22 Section of core AHE/3a showing the 1850 
datum (establ:ished by pollen changes) in 
relation to the contact between units 
C and B. 
o 
gradational 
contact 
1 
B 
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based on 1) the appearance of dandelion, an introduced 
flower Clt 49 cm and 2) the decline in bracken and increase 
in grass in the overlying sample at 44-45cm, which would 
become ,apparent after land 'was cleared for farming and 
urban building. Figure 3. 2~~ shows the position of the 1850 
datum with respect to the contact between unit C and B. It 
is evid.ent from this figure that there has been no 
bioturbation or any disturbance what so ever in the 
vicinity of this contact. 'raking the base of unit B to be 
approximately 450 years B.P., then 45cm of sediment 
accumulclted between 450 B.P. and 1850 A.D. which 
corresponds to a sedimentation rate of o. 15 cm per year 
(45cm/300 years). Between the 1850 position and the base of 
unit C ~:Ocm of sediment accumulated which corresponds to a 
sediment:ation rate of 0.27 cm per year (2 Ocm/ 7 5 years). 
Hence, t:he early settlemen1: of Christchurch (1850 to 1925) 
did not have a significant affect on sedimentation in this 
area of the estuary. 
Dr Mcglone suggests that the estuary surrounds must 
have beE!n well established by the 35cm level (well into the 
1900's), because of the hiqh level of pine pollen. 
The upper units C-D contact is intensely bioturbated 
as is evident by the broken shell in Fig. 3.22 (part of a 
living organism when the core was collected). Bioturbation 
has most: likely caused somE~ levelling out of the pollen in 
unit D. All the same, a pattern of increasing pine levels, 
and decreas ing bracken, podocarps, and sedges 
concentrations emerges in unit D, which suggests that 
mixing has only partially affected the pollen 
distributions. 
ThE:~ 1950 datum occurs at the 15cm level, which is 
based on sUbstantial pine plantings in the Canterbury area 
in the 1930's and 40's coming into flower in the 1950's. 
The sedimentation rate after 1950 is O. 4cm per year 
(15cm/38 years) based on the position of the 1950 datum. 
This rat:e is similar to values obtained for Unit D sediment 
from other areas of the estuary (0.9cm per years Pleasant 
Native Herbs, /Introduced Plants of 
Native Trees IShrubs. Grass /Pasture & Plantation 
Depth 10 
20 
(em) 30 
40 
60 
60 
70 
Scale l' 
Ql 
!J; .... 
1l 
IV 
Ql 
;:J >0 
S "t1 ~ ~ 
29-
em 
~ ~~ ~ .... S 
R S N _. 
~~!J ";; ~ 8 ~~"t1 !:i 
't:J R .:; I:J I:J 
~r!J~cS <S 
n -+ n ..-----, 
;1 
~ [! ....... . .... ~ q, 
R .Jl 
'" c:t ~ ~ .... ~ Ql ~ ~ ~ ~ c~~tJ 
+ 
+ 1+ 
"t1 
~ 
~ 
~ Z ~ Ql ~ 0 :y ~ ;1t! §-~ ~ ~~ ~ n
<I 11950 A.D. 
+ 
I I I I I I I I I 
l ~ l L L l II b b 1 I. 1 b 1 ~1880-1900 
r---1 I I I I r---1 r---1 r---1 r---1 I I I I r---1 r---1 r---1 r--r--l r---1 r---1 r---1 r---1 r---1 r---1 r---1 r---1 
o 100 10 20 30 0 100 100 100 10 0 10 20 30 0 100 100 100 10 200 100 100 100 100 100 100 10 0 10 A.D. 
Fig. 3.23 
Saltwater Creek, Core 1. 
Pollen diagram. core Swell (Dr M. McGlone. 
Botany Division. DSIR. pers. comm.). 
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Point ( 14C method, section 3.6.1) and O. 43cm per year 
(210pb nethod, Section 3.6.2.3). 
ThH position of the 1950 datum suggests that either 
some of the top of Unit C has been removed from the area 
or that unit C deposition ceased earlier on the western 
slopes than in either of the two river depositories. The 
western slopes were intensely polluted during the 1940' s 
and 1950's, and benthic d'oJellers were sparse (Chapter 2, 
section 2.7.3), which argues against erosion assisted by 
bioturbation as suggested by Macpherson (1978). 
3.6.3.2 Pollen Profile frl::>m Core SWCll 
Fi9ure 3.23 contains the pollen distributions from 
core SWell. The high concentrations of introduced plants at 
the baSH of the core indicate that the area was in pasture 
land. Dr McGlone suggests that the basal sample is around 
1880 to 1900 AD in age. This age is also supported by the 
high levels of grass and low abundance of bracken and 
nati ve t.rees and shrubs. The mud bed around 15cm probably 
dates from 1950, because of the high (10%) quantity of pine 
pollen. Significant pine planting occurred in Canterbury 
area around 1930's. 
ThE~ Saltwater Creek Estuary's history of flooding and 
inlet change (discussed in section 3.3.2), combined with 
the pollen profile indicates the following with respect to 
Fig. 3.13. The basal gravel was deposited either during a 
serious flood or when the estuary was discharging out to 
sea 4-5Km north of its prE~sent position. At the time the 
main river channel flowed parallel to the Highway and cut 
across Saltwater Creek, near the location of these cores. 
As the mouth migrated north the river bed may have slowly 
cut further westward across the braided area shown in Fig. 
3.12 and progressively coarser material was deposited up 
sequencH. When the river broke through south, in 1914, the 
main channel would have bE~en quickly diverted south into 
the present channel posit~ion. The poorly sorted coarse 
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sandy mud layers with pebbles and granules are probably 
flood d,~posits corresponding with major floods, in 1923, 
1936, and 1951. The mud horizon layers are typical of quiet 
estuarine conditions which would have existed between flood 
periods.. There was probably also considerable erosion 
between flood events, which is indicated by the red brown 
Fe oxidE! staining of the coarse sandy layers in core SWC/2. 
3.7 DISCUSSION OF GEOLOGICAL DATA 
ThE:! grain size and mineralogical studies show that 
sediment,s from all three sites are similar and derived 
principally from Late Pleistocene and Post-glacial loess 
deposits covering the Canterbury Plains. The loess itself 
originat,ed from the Mesozoic Torlesse Terrane sediments 
that out:crop along the eastern slopes of the Southern Alps. 
The coarser sand component of the sediments may be derived 
directly from the source rock,s by fluvial transport in the 
Ashley (Saltwater Creek Estuary sediments) and the 
Waimakariri (Avon-Heathcote Estuary and Travis Swamp 
sediment.s) rivers. 
The results of the grain size and mineralogy studies 
indicat{~ that the Travis Swamp estuary deposits are older 
lateral equivalents of the Pre-European Avon-Heathcote 
Estuary sediments. The modern swamp sediment probably 
belongs to the source of unit C. 
Thn coarser sediment:;, aerobic conditions, and the 
slightly different mineral composition exhibited by the 
Saltwat{:!r Creek Estuary arEl probably a direct result of the 
dominant: influence of the swift Ashley River on this 
system. The frequent floods and constant migration of the 
Ashley Hiver mouth will erode sediments on a regular basis, 
thus exposing them to a pl,entiful supply of oxygen. 
In contrast, estuarine deposits in the Travis Swamp 
and Avon-Heathcote Estuar~r reflect the influence of the 
meandering Avon and Heathcote streams carrying finer sands 
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and silts. The coarse fluvial sediment carried by the 
Waimakariri River is deposited near the mouth of the river 
or alon9 the coast. only the medium and fine sand would be 
transported into the Avon-Heathcote Estuary with the tide. 
In modern times, the stablH position of the Avon-Heathcote 
Estuary mouth, and the continuous supply of organic and 
nutrien1: rich effluents to the estuary, has produced 
anaerob:l.c condi tions. The reduced water circulation 
associa1:ed with swamp environments has also resulted in 
anaerob:Lc conditions in th,= Travis Swamp. 
ThH Saltwater Creek Estuary sediments are geologically 
similar to those of the Avon-Heathcote Estuary. However, 
the differing redox conditions, between the two estuary 
beds, suggest that heavy metals are likely to behave 
differently in each environment. In contrast, the chemical 
and geological similarity between the sediments of the 
Travis Swamp and Avon-Heathcote Estuary signifies that the 
ancient estuary deposits in the Travis Swamp are "ideal" 
background sediments for heavy metal studies of the Avon-
Heathco1:e Estuary system. 
3.8 GEOCHRONOLOGY OF THE AVON-HEATHCOTE ESTUARY 
A number of dated horizons have been identified in 
this s'tudy by combinin9 results of various dating 
techniques with information from the history review in 
Chapter 2. 
Reasonable age ranges for all the sediment units have 
been est:ablished. The estuclrine deposit in the Travis Swamp 
is 1650 years B.P. based on carbon dating of shells. Pollen 
data shows that sediment in Core SWCl1 dates from the turn 
of the c:entury, with the mud bed at 15cm deposited around 
1950 A.D. 
From the results of Chapters 2 and 3, the 
geochronology of the Avon-Heathcote Estuary is as follows: 
1) The contact between units A and B is 400-500 
B.P. (pollen data, section 3.6.3). 
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2) 1850 AD age sedimEmts are located between 10 and 
20c::m beneath the con'tact between unit C and unit B 
(pullen data, section 3.6.3). 
3) The period around 1900 to 1925 is represented 
by a black layer rich in coal and ash debris 
beneath the contact 01: Units Band C in sediments 
frum most areas of thl:: estuary (historical data, 
Chapter 2, section 2.8, Fig. 3.6). 
4) The contact between Units Band C is 1925-1927 
A.D (historical data Chapter 2, section 2.5, and 
210 d . Pb ata, Sect10n 3.6.2.3). 
5) The contact between Units C and D is not 
known accurately, but dates between the late 
1940's and 1960's (historical data, Section 2.5, 
14C age, 210pb data, and pollen data, section 
3.6) . 
The geological data presented in Chapter 3 disproves 
much of the post 1850 geochronology established by 
Macpherson (1978), and su:;>ports the historical synthesis 
presenb::d in Chapter 2. 'Ihe results show that the Avon-
Heathco':.e Estuary formed around 450 years B. P., as a result 
of accE!lerated erosion caused by deforestation of the 
Canterbury Plains. unit B was laid down between 450 years 
B.P and 1925 at sedimentation rates of 0.15cm per year (450 
B.P. to 1850 A.D.) and 0.27cm per year (1850 to 1925). The 
constrUl:tion of 6 major st,ormwater drains in 1878 lead to 
rapid s:Llting of the Avon a.nd Heathcote Rivers between 1878 
and 1925. Between 1925 and the 1950's, mechanical sweeping 
of both rivers removed the mud to the Avon-Heathcote 
Estuary, where it was depc.sited as Unit C at a rate of 6-
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12cm per year. Once the river beds were cleared and 
Christch.urch city roads and pavements tar sealed unit C 
accumula.tion ceased. Since the 1950's and 60's modern unit 
D sandy sediment has accumulated at around 0.5cm per year. 
CHAPTER 4 
HEAVY METAL DISTRIBUTIONS IN SEDIMENTS OF THE AVON-
HEATHCOTE ESTUARY AND NON-SALINE WATER COURSES 
DISCHARGING INTO THE ESTUARY 
4.1 DISCUSSION OF RESULTS FROM PREVIOUS HEAVY METAL 
SEDIMENT STUDIES 
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Sediment heavy metal studies of the Avon-Heathcote 
Estuary to date have concentrated on surface and near 
'f(\ '0 
surface distributions (Hulse / 1983 i Purchase ~l' 1983 i 
(Anderson, 1985; B~gess, 1985; Rodrigo, 1985; pU~hase and 
Fergusson, 1986; ,6hristchurch Drainage Board (CDB) , 1988; 
and H~y, 1988). Table 4.1 presents average results of clay 
fraction analyses from the Avon and Heathcote Rivers, the 
City outfall Drain, and the Avon-Heathcote Estuary. Metal 
concentrations in possible anthropogenic source materials, 
Christchurch soils, and the internationally accepted fine 
grained baseline sediment are also tabulated for 
comparison. This section discusses and interprets the 
results of the above studies taking into account possible 
contaminant sources, and the historical synthesis and 
geochronology established in Chapters 2 and 3. 
4.1.1 Heavy Metals Distributions in the Rivers 
Heavy metal sediment studies of both the Avon and 
Hea thcote rivers show Pb, Cu, N i , Zn, Cr, and organic 
matter elevated in all grain sizes (Purchase, 1983; Hulse, 
1983; Anderson, 1985; Purchase and Fergusson, 1986; and 
CDB, 1988). Iron and Mn are not enriched relative to 
baseline (Table 4.1). The low Mn results of most 
researchers are principally caused by low metal recovery 
(Chapter 6,section 6.6.2). 
Table 4.1 Potential Sources of Heavy Metals to the Avon-Heathcote Estuary System and 
Mean Heavy Metal Concentrations in Surface Sediments «4~m fraction) 
from areas in and around the Avon-Heathcote Estuary 
POTENTIAL SOURCES 
Christchurch Street Dust 
Garlands Road # 
S~reydon 
R~ccarton Road 
Christchurch Soil # 
COB Sewage Sludge 
Sewage Sludge (Global Av) 
Coal Fly Ash & Bottom Ash 
(Global Average) 
AREA 
Avon River 
Heathcote River 
Heathcote Rr Point Source 
City Outfall Drain 
Estuary near Drain 
Avon-Heathcote Estuary 
International Baseline 
(mean Shale, <2~m) 
Pb 
~gjg 
1294 
887 
10700 
379 
359 
140-480 
12-65 
161 
94 
55000 
3296 
244 
42.2 
20-30 
Cu 
pgjg 
72 
48 
258 
17.5 
595 
240-1030 
25-90 
108 
80 
200 
162 
62.7 
52.3 
21-45 
Ni 
pgjg 
142 
25-110 
15-75 
520 
39.5 
135 
42.9 
73.8 
32-70 
Zn 
pgjg 
429 
850 
365 
135 
2080 
900-2800 
30-130 
501 
431 
700 
6215 
528 
180 
95-120 
Fe 
% 
2.39 
2.36 
5.82 
2 
4 
4 
6.54 
7.57 
4 
4-5 
Mn 
~gjg 
381 
399 
399 
57 
220-540 
134-445 
235 
55 
2184 
1120 
128 
600-800 
Cr 
pgjg 
76 
38 
58 
36.9 
4780 
8-550 
40-120 
103 
352 
10708 
165 
202 
193 
60-90 
ORG Reference 
% 
15 (1) 
12.6 (1) 
7.2 (1) 
10.1 (2) 
7.24 
16.2 
8.93 
12.8 
1. 8-3.5 
(8) 
(9 ) 
(9) 
(5) 
(4 ) 
(3)&(4) 
(7 ) 
(7) 
(6) 
(*) 
#; Christchurch Street Dust & Soils are composed of silt (4-63~m) and clay «4~m) grains. 
-, no data; References: (1) Fergusson et al. 1984; (2) Fergusson et al. 1986; (3) Purchase and Fergusson, 1986b; 
(4) Hulse, 1983; (5) Anderson, 1985; (6) Burgess, 1985; (7) Hay, 1988; (8) Smith, 1985; (9) Nriagu & Pacyna, 1988. 
* (Turekian and Wede~ohl, 1961; Salomons and Forstner, 1984; Forstner and Wittmann, 1981) 
COB, Christchurch Dra~nage Board. 
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Heathcote River 
All studies showed significant surface sediment 
enrichment in Pb, Cu, Zn, Cr, and organic matter, 
particularly in the Woolston area (Fig. 2.2). Heavy metal 
enrichment in surface sediments up river of Woolston 
probably reflect the current stormwater discharge from 3 
large drains. Nickel, Mn, and Fe showed no enrichment in 
Heathcote River bottom sediments. 
Hulse (1983) and Purchase and Fergusson (1986b) found 
most metal concentrations decreased rapidly with depth; 
baseline values were reached within 20-30cm of the 
surfaces. with a pollution history going back to the 1860's 
(Chapter 2, section 2.8), one might expect to find very 
high metal concentrations for considerable depth in the 
Woolston area of the Heathcote River. However river 
sweeping between 1925 and 1950, has removed most of the 
contaminated sediment, and only pollution since the 1950's 
is likely to be recorded in the sediment profile. 
In the Woolston area, extremely high levels of Pb 
(55,000 Mg/g) , CU (200 Mg/g) , Zn (700 Mg/g} , and Cr (10708 
Mg/g) were found in zones adjacent to former industrial 
effluent discharge points, such as near a Pb-acid battery 
factory (Pb) , tanneries (Cr), and rubber manufacturers (Zn) 
(Purchase, 1983). These results suggest that some factories 
still occasionally discharge untreated effluent into the 
Heathcote River. Most serious contamination is localised in 
sediments near the outfalls. For example, the lead levels 
of 55,000 Mg/g found in front of the battery factory 
(upstream of the Garlands Road Bridge, Fig. 2.2) dropped 
rapidly to 1000 Mg/g within 100m of the discharge point 
(Purchase and Fergusson, 1986b). During the course of 
Purchase and Fergusson's study the Pb levels dropped 60% in 
the sediment next to the battery factory because the 
company improved the quality of effluent discharged. 
Most cores of Purchase (1983) were rich in ash, coke, 
and coal particles, and organic matter levels were greater 
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than 20% in many places. These deposits probably relate to 
spills from the Christchurch Gas works during the 1950's 
which were rich in coke, ash, and tar particles (Chapter 2, 
section 2.8). The drain from the gasworks is located at 
Bells Creek upstream of the battery factory. However, some 
of the ash may have originated as fly ash from the battery 
factory. 
Purchase found a zone high in heavy metals at a depth 
of 16cm below the surface, which may relate to an early 
pollution event. Near the battery factory, the surface 
sediment pH is in the range 5-6, and decreases with depth. 
Such low pH values favour metal remobilisation into 
overlying water (Chapter 1, Figs 1.2, and 1.3). Purchase's 
speciation studies showed that with depth the lead species 
graded from PbC03 , through PbS04 , Pb, to PbS. These are the 
types of species predicted by normal pH-Eh regimes, however 
some PbS04 correlated with layers rich in ash. 
Avon River 
Anderson (1985) (Table 4.1) showed that the Avon River 
surface sediments are generally more enriched in most heavy 
metals (Pb, Cu, Ni, and Zn) than those of the Heathcote 
River (excluding the Woolston area). Christchurch Drainage 
Board (1988) made similar observations, and attributed the 
results to the significantly higher proportion of 
stormwater discharged into the Avon River, compared with 
the Heathcote River. The heavy metal levels dropped rapidly 
with depth, as in the Heathcote River, indicating also that 
only recent contamination is recorded in the sediments. 
The extremely high average Ni concentration (520 ~g/g) 
observed by Anderson is problematical. Neither Purchase nor 
CDB observed any Ni enrichment in either river or the 
estuary. There are no metallurgy industries discharging 
into the stormwater drains that empty into the Avon River. 
In addition, the untreated sewage sludge of the 
Christchurch Drainage Board Treatment Plant contains 
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concentrations averaging 142 ~g/g (Table 4.1). Hence, 
leachates from the sludge are not likely to be the source 
of Ni. The highly polluted stormwater drain (City outfall 
Drain) and Woolston area of .the Heathcote River contain Ni 
concentrations 3-4 times lower than reported by Anderson. 
The above findings and the historical records of the 
Avon River (revealing little or no industrial pollution) 
cast doubt on the Ni results of Anderson (1985)~ 
4.1.2 Heavy Metal Distributions in the City outfall Drain 
Sediment studies of the city outfall Drain and estuary 
near the drain show that the drain is seriously 
contaminated with Pb and Zn, and enriched in Cu, Ni, Fe, 
Mn, and organic matter (Table 4.1; CDB, 1988; Hay, 1988). 
The most likely contaminant source is storm water 
containing 1) Pb from petrol emissions, 2) Cr, Cu, Mn, Fe, 
and organic matter from coal combustion (domestic and 
industrial), 3) Cu from water pipes and plumbing fixtures, 
and 4) Zn from galvanised roof fittings, tyre wear, and 
paint pigments (Drever, 1982; Hem, 1989; Smith, 1985). 
Hay (1988) analysed heavy metals in O. 2g of the 
drain's surface clay fraction by total digestion in 
concentrated HF and HN03 , and obtained average Pb levels of 
3296 ~g/g. The Christchurch Drainage Board (CDB) analysed 
to"t,al sediment. in the drain using dilute acid extraction 
(0.25M HCl04 , and O. 6M HN0 3 on 5 to 109 samples), and 
obtained Pb concentrations of 1098 ~g/g. Despite the 
significant differences in extraction techniques (and grain 
size), both studies reveal marked Pb contamination in 
stormwater drain sediments. 
The very high Pb levels (887-10700~g/g) in 
Christchurch street dust (Table 4.1) indicate that dust is 
most likely carried into the drain and estuary with 
stormwater. The street dust is contaminated with Pb from 
petrol combustion (Fergusson et al. 1984). The high Pb 
concentrations in some Christchurch soils (379~g/g) 
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Contours of Pb concentration in total 
sediment of the Avon-Heathcote Estuary 
(Christchurch Drainage Board, 1988). 
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relative to baseline (20-30~g/g) also reflect the generally 
high atmospheric emissions of Pb in the Christchurch area. 
(New Zealanders have been slow to adopt the unleaded petrol 
option. In May 1990, only 15% of all drivers were using 
unleaded petrol (Mr. M. Petrie, Treasury Department, 
Wellington, New Zealand).) 
The moderately high Zn levels in street dust suggests 
that stormwater carries some· Zn derived. from tyre wear. 
However, Zn concentrations (135 to 850~g/g) in street dust 
and soil are not high enough to account for all the Zn 
(6215~g/g) in sediments of the city outfall Drain. The 
majority of Zn is most likely washed from galvanised 
roofing and house paints with rain water, and enters the 
City outfall Drain in the dissolved phase, from which it is 
then rapidly adsorbed onto the sediment. 
A proportion of all anthropogenically derived metals 
may be derived from industrial emissions (fallout and 
effluents) because the drain's catchment is near the main 
commercial and industrial area of Christchurch (Fig. 2.2). 
The sediments in the drain are black and anaerobic. 
On field trips to the drain with R. Hay, the author noted 
that when sediment was stepped on gas bubbles escaped 
emitting the odour of H2S. Hence, the high levels of 
Mn and Fe may result from their pre-concentration and 
precipitation as metal sulphides. Coal combustion (domestic 
and industrial) may also be a source of Mn to the drain, 
but ash metal levels are generally not high enough to be an 
important source (Table 4.1). 
Both CDB (1988) and Hay (1988) found heavy metal 
enrichment (especially Pb) in estuary sediments adjacent to 
the drain, with levels decreasing rapidly away from the 
drain (Fig. 4.1), showing that most contamination is 
localised. 
Hay (1988) analysed a core, RH2, from the estuary 
adjacent to the stormwater drain (Chapter 3, section 
3.2.1.2). All grain sizes (sand, >63~m, silt 4-63~m, and 
clay 4~m), showed marked heavy metal and organic matter 
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increase in two horizons, one at a depth of 30cm, and 
another at 80cm. This pattern was particularly noticeable 
'in the clay grain size (Fig. 4.2). The 30cm peak occurs 
within unit D, while the 80cm peak occurs in the blackened 
zone across the diffuse contact between units C and B (Fig. 
3.6). In· the absence of dating information Hay did not 
offer an interpretation for the metal behaviour. The 
present study has dated the unit C-B contact at 1925 in the 
Heathcote Basin (Chapter 3.0, section 3.8), with a diffuse 
contact in core RH2, spanning the age range 1874 to 1925 
(due to silt discharge from the drain shortly after it was 
dug in 1874, before the major silting period, 1925-1950's). 
The black stratified sediment, high in heavy metals, near 
the top of this diffuse zone correlates with the early 
period of industrialisation ("Iron working days") around 
1900 to 1925 (Chapter 2, section 2.8)), when coal burning 
and heavy metal discharge was prolific. 
The 30cm metal and organic matter peak in unit D may 
represent a pre-1972 high related to industrial and 
domestic effluent discharge directly into the estuary and 
Heathcote River. Such a high would have occurred after 1950 
when the silt flux to the estuary slowed (when river 
sweeping ceased), before all industrial and domestic wastes 
were removed from the river and estuary in 1972 (Chapter 2, 
section 2.8). Both the unit Band D peaks also occur in the 
cores of this study, which will be discussed later in 
section 4.4.1. 
4.1.3 Heavy Metal Distributions in the Avon-Heathcote 
Estuary 
Heavy metal studies of total surface sediment in the 
Avon-Heathcote Estuary showed Pb to be the most 
significantly enriched metal followed in order by Zn, Cr, 
and Cu (CDB, 1988; Rodrigo, 1985; Purchase and Fergusson, 
1986; and Hay, 1988). Most metal and organic matter 
enrichment is confined to the Heathcote depository, 
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Heathcote Estuary. Copper, Cr, Ni, Zn, and Pb showed 
consistent spatial distribution in the Saltwater Creek 
Estuary. When comparing similar sediment, Pb, Zn, and Cr 
were elevated 3, 2.3, and 2 fold respectively in the Avon-
Heathcote Estuary relative to the Saltwater Creek Estuary, 
whereas Ni exhibited similar levels in both estuaries. 
Millward (1975) measured Fe oxide distributions in 
surface sediments of the Avon-Heathcote Estuary and found 
the highest concentrations near ,the mouths of both rivers 
and the estuary entrance (Fig 4.4). The Fe oxide maxima 
near the head of the estuary also coincide with 1) the 
areas highest in mud and organic matter observed by CDB 
(1988), Knox and Kilner (1973), and Macpherson (1978), and 
2) the areas of muddiest (brownest) water photographed 
during mid tide (estuarine mixing) in April 1991 (Fig. 
1. Db). Al though the general anaerobic conditions in the 
Avon-Heathcote Estuary sediments do not favour long term 
stability of Fe oxide (Chapter 2), the lighter colour of 
the thin active surface sediment indicates that oxidised 
species may be present at the very surface. The Fe oxide 
distributions reported by Millward probably locate the 
posi tions of the turbidity ,maxima, where Fe oxide is 
precipitated during estuarine mixing in each tidal cycle. 
After precipitation, Fe hydroxy compounds would be 
deposi ted at the sediment surface, where they rapidly 
transform into sulphide or carbonate species. The thin 
oxidized film would be maintained by the continuous supply 
of oxides and hydroxides to the sediment surface during 
each tidal cycle. The high organic matter and mud content 
near the areas high in Fe oxide support such an 
interpretation. 
Table 4.2 Methods of Correcting for Grain Size Effects 
Method 
(A) Extrapolation of Grain size 
distribution 
(1) normalised to <63 ~m fraction 
(2) normalised to <20 ~m fraction 
(B) Metal Concentration versus 
Surface Area 
(C) Grain Size Separation 
(1) <63 ~m fraction 
(2) <20 ~m fraction 
(3) <2 ~m fraction 
(D) Treatment with Dilute Acid 
CE) Inert Mineral Correction 
(1) Quartz 
(2) Carbonate 
(F) Conservative Element Correction 
CAL, Fe, Cs, Sc, Rb, Sm, Th, Ti) 
(G) Relative Atomic Variation (RAV) 
Reference 
Araujo et aI, 1988; Forstner and Salomons, 1980; 
Taylor, 1986. 
Horowitz, 1985; Scheider and Weiler, 1984. 
Donazzalo et aI, 1984; Forstner and Wittmann, 1981. 
Araujo et aI, 1988; Horowitz, 1985; Forstner and Salomons, 1980; 
Forstner and Wittmann, 1981; Salomons and Forstner, 1984. 
Ackermann et aI, 1983; Glasby et aI, 1988; Nicolaidou and Nott, 1984; 
Stoffers et aI, 1986. 
Forstner and Salomons 1980; Forstner and Wittmann, 1981; Horowitz, 1985. 
Forstner and Hittmann, 1981; Salomons and Forstner, 1984. 
Forstner and Salomons, 1980; Forstner and Wittmann, 1981; Salomons and 
Forstner, 1984. 
Horowitz, 1985. 
Araujo et aI, 1988; Ackermann et aI, 1983; Finney and Huh, 1989; 
Forstner and Salomons, 1980; Forstner and Wittmann, 1980; Hornung et aI, 1989; 
Horowitz, 1985; Nicolaidou and Nott, 1989; Salomons and Forstner, 1984. 
Ackermann, 1980; Forstner and iVittmann, 1984. 
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Samples of sand (>63J.tm) , silt (4-63J.tm), and clay 
«4J.tm) from all cores were analysed for Pb, Cu, Ni, Zn, Fe, 
Mn, Cr, and organic matter using the following procedure. 
Initially all samples were oven dried at 105°C, overnight 
to remove any water. The dried samples were ignited for 8 
hours at 550°C allowing organic matter to burn off. The 
weight loss was noted after ignition, and presumed to 
represent the quantity of organic matter burned off. The 
ignited samples were digested in 6-12 ml of 40% HF and 3-
6ml of 16M HN03 (depending on sample size), filtered, made 
up to 20-25mls with double distilled water, and analysed by 
Flame Atomic Absorption Spectroscopy. A reagent blank, 
standard reference (SD-N-1, IAEA 1988), and secondary 
reference were analysed with each batch. Accuracy varied 
between 80-90% depending on the metal, whereas precision 
was 85-90% for all metals. Throughout the course of this 
study quality control was an important consideration at all 
stages of sample handling, including grain size separation 
and heavy metal analyses. Hence, the quality control 
related to core analyses is discussed separately in Chapter 
6. 
4.3 GRAIN SIZE DISTRIBUTION OF HEAVY METALS 
Heavy metal studies on bulk sediment samples may give 
false information as to the extent of contamination in an 
estuary, because contaminated fine grained sediment may be 
diluted to different degrees throughout an estuary by low 
metal bearing coarse grained sediment (Nicolaidou, 1989). 
Hence, trace metal analysis of total sediment samples is 
meaningless without some form of grain size correctiQ~ 
Table 4.2 lists the common methods of~correcting for 
Table 4.3. Heavy Metal Concentrations in Sand, Silt, and Clay Size Fractions 
Sample Pb Cu Ni Zn Mn Fe Cr ORGANIC 
f.Lg/g f.Lg/g f.Lg/g f.Lg/g f.Lg/g % f.Lg/g % 
AHE/5D 1 
Sand 6.68 4.18 7.97 27 33.9 1.08 23.2 .86 
Silt 10.6 16.8 12.4 73.1 79.4 2.1 43.4 2.32 
Clay 92 74.4 61 303 297 4.02 118 6.98 
TS/1 T3 
6.15 22.3 32.4 1.36 17.1 1.03 Sand 2.57 5.72 
Silt UD 6.34 13.9 20.5 25.6 1.44 28.5 1.31 
Clay 36.6 16.4 40.9 109 231 5.48 85.3 4.39 
SWC/1 10 
8.21 17.9 37.8 1.32 22.8 1.34 Sand 1.58 4.85 
Silt 3.2 7.2 10.7 25.4 17.6 2.22 31.8 1.8 
Clay 9.68 35.1 37.5 110 256 4.71 91.9 6.53 
UD; Undectable 
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grain size used in the literature. The more commonly used 
techniques are discussed further in Appendix 3.0, section 
A3. 1. All these methods reduce the fraction of sediment 
that contains insignificant proportions of heavy metals 
(such as quartz, feldspar, and carbonate) relative to the 
proportion of fine grained minerals that are enriched in 
metals. More information can be obtained by combining 
several of the correction techniques (such as treatment 
with dilute acid to determine the mobile fraction and 
standardization with conservative elements). Most 
correction techniques ignore the contr i)::mtion of heavy 
metals from the coarse grained fraction. This is normally 
not important because almost all anthropogenically derived 
heavy metals are held in fine grained material (Forstner, 
1989) . 
The grain size correction method employed will depend 
largely on (1) the equipment available, (2) the grain size 
distribution of the sediments and (3) the time and money 
available for the study. In this study the sand (>63~m), 
silt (4-63~m), and clay «4m) size fractions were separated 
(Chapter 3, section 3.4.1) to make results comparable to 
previous studies. contamination affects during grain size 
separation are discussed in detail in Chapter 6 (Section 
6.2.1). 
4.3.1 Grain Size Distributions in this Study 
Both heavy metal and organic matter concentrations 
increased in all samples as grain size decreased, with clay 
fractions containing up to 5 times higher metal 
concentrations than in the silt fractions (Table 4.3). 
Metal levels in most silts are only slightly above those 
observed for sands. Burgess (1985), Hulse (1983), Anderson 
(1985), and Hay (1988) found similar distributions in 
sediments from the rivers, drain, and estuary. 
As discussed in Chapter 1, the reason for heavy metal 
levels increasing with decreasing grain size from sand to 
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silt is due to an increase in surface area, and 
corresponding metal adsorption capacity (Horowitz, 1985). 
with decrease in grain size from silt to clay the 
mineralogy also changes. The flat platy surfaces of clays 
minerals exhibit high surface charges and cation exchange 
capacities (Chapter 1). Hence, clay minerals are excellent 
scavengers of organic matter and authigenic Fe and Mn 
compounds (such as hydroxides and sulphides), which have a 
greater capacity for heavy metal adsorption than the clay 
minerals themselves (Appendix 1). 
4.3.2 Heavy Metal Concentrations Versus Proportion of Clay 
In post-European Avon-Heathcote Estuary clay 
fractions, there appears to be a negati ve correlation 
between the concentration of clay (in the total sediment) 
and heavy metal concentrations. This relationship is 
illustrated using Zn in Fig 4.5. unit C has the highest 
proportion of clay and the lowest Zn concentration. unit D 
and B are much higher in Zn and lower in clay. This 
relationship is unlikely to be due to contamination because 
great care was taken in separation procedures (Chapter 6, 
section 6.2). The clay mineralogy is uniform within each 
unit (Chapter 3, Section 3.5.1), so mineral composition is 
not the cause. A decrease in contaminant fluxes is unlikely 
to have caused the low levels in unit C because the 
quantities of domestic and industrial waste entering the 
estuary increased steadily from 1925 to 1950 (Chapter 2). 
The only important variable left that could explain the 
anomaly is sedimentation rate. Lead-210 and pollen profiles 
(Chapter 3) reveal that sedimentation rates were 
0.27cm/year near the top of unit B, 6-12cm/year for unit C, 
and around 0.5cm/year for unit D. During unit C deposition, 
the greater concentrations of suspended sediment in the 
rivers and estuary provided a considerably larger surface 
area for heavy metal entrainment, which diluted metal 
levels relative to those of units Band D. In fact unit C 
Pb, N i , Z n, 1,1 0 i n CI a y Fraction A H E/1 a 
10' 
0 Unit C B 
lot 
101 
H' 
/..Ig/g 
10. 
101 
'"~ 
II H " " '" 'II 
Jt,'l til 
0 ,. 0 01 " I . y " 
Fe and Or gani c Mat t er 
I. CIIT Fr",lu ,I.I+E/il 
11 r-,---------,---------------,-------------, 
11 
% 
J f. • Oq u l c Villit 
'" 
'" ," 
II. 
II . 
I 7~ 
'10 
110 
II. 
III 
If.) 
'10 
'10 
" 
" 
71 
.,' 
I ~ 
41 
j.\ 
!l 
,0 
Cu and Cr i n CI a y Fra ction A H E/1 a 
y 
10 01 II Il 111 '" 
DI) I ~ c. 
t C. , c, 
Fig. 4.6 Heavy Metal and 
Organic Matte r 
Concentrations versus 
Depth in core AHE/1a. 
The red vertical lines 
separate the sediment 
units D, C, and B. 
P b , N i , Z n , Un n Ci a y F rae t ion A H E I 2 a 
101 r-.... --~----------------.---
101 
101 
~g/g 
"I 
101 
10 1 
.1 
D 
II 
Unite 
/\, 
\ 
10 
0 " + I I (> 2_ 1I 'III 
II 
Fa and Organ i c Mall ar i n CI ay 
~ 'u t l ... UO II 
B 
1I r-.---.------------~~-_, 
.. 
II " 
o FI " Or ,.1 1 £ 11111 r " 
.. 
/ 
, J ~/ 
.. 
Cu and Cr in Cl ay Fr aclion AHE/2a 
II. ~--r---T""""------------~---
10 .. " II 
Fig. 4.7 Heavy Metal and 
Organic Matter 
Concentrations versus 
Depth in core AHE/2a. 
The red vertical lines 
separate the sediment 
units D, C. and B. 
149 
Zn (and other 
ficantly elevated above 
metals) are not 
s of the 
baseline value for the litic 
lly 
size 
4.1. 
4.4 HEAVY METAL DISTRIBUTIONS WITH DEPTH 
Because the c fraction the more 
substrate for metal 
distribut d ions 
I, Sect 1 . 3) , 
11 refer primarily to the 
c fraction les. 
4.4.1 Metal and Matter in Avon-
Heathcote Clay 
4.4.1.1 vertical Trends 
4.6 to 4.11 contain of heavy metal 
d with for cores AHE/la, 2a, 3a, 3b, 5, 
and 6. The positions of unit D, C, and B boundar are 
shown by vertical 1 
Most cores 1) basel metal 
in the levels of B, 2) metal and organic 
matter near the top of B, 3) basel 
or near baseline metal levels in unit C (see Table 4.1 for 
compar ) , 4) peak metal and organic matter levels about 
half unit D, and 6) s matter and 
either ing or decreasing heavy metal concentrat 
above the D peak. The heavy metal ions found 
by (1988) for core RH2 from in front of the C 
outfall show an 1 pattern 
In a few cores Fe shows a di 
highs and are often sl out of 
.4.2). 
Iron 
with other 
metals, and in a few profiles Fe shows a reverse pattern of 
enr and deplet to matter (F . 4.8). 
Pb, N i Z n, !.In n Clay Fractio n AHE/3a 
II. r-,---------r-T---------------------------~ 
701 
10. 
B 
i ll 
Llg/g 
101 
, .. 
,01 
,01 
j . .. " 10 '" 
0., t. t. 
o p, t III 0 h 6 VI 
Fe and Organi c Mal I ef in CI ay 
f, u l l .. 'HEI h 
" r-,--------r~--------------------------~ 
% 
/I .. " " "' 
o FI .. Or,lll t lliall., 
Cu and Cr n CI ay Fr acl i on AHE/3a 
til ,-,--------,,,r----------------------------, 
!I> 
ua 
z, ~ 
II' 
"' 
110 
IH r 
110 
11' 
I " 
II' 
II' 
". 
I) 
I) 
7' 
" 
Il 
" 
Fig. 
II " " " 
0.". (I 
o C. t C, 
4.8 HeavY Metal and 
Organic Matter 
Concentrations versus 
Depth in core AHE/3a. 
The red vertical lines 
separate the sediment 
units D, C, and B. 
'" 
4.4.1.2 Interpretations of Metal and organic Matter 
Behaviour 
UNIT B 
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The distinctive metal and organic matter peak observed 
at the top of unit B and across the contact between units 
C and B occurs in the black zone enriched in coke, coal, 
and ash particles. Pollen, 210pb , and historical data on 
sedimentation changes date this horizon around 1900 to 
1925; at the time the Woolston and Sydenham areas were the 
main industrial centre of New Zealand. Widespread coal 
burning by industries and homes supplied high levels of 
carbon matter - , sulphides (from sulphate) 
and some of the contribution of the other metals. These 
particles were probably washed into the estuary with 
stormwater. The stratified nature of the black deposit in 
core RH2 indicates that stormwater was a significant 
transport medium. However, some ash probably settled from 
the atmosphere during this period. 
Industrial effluents were the other major source of 
metal and organic contamination at the time. At the peak 
there were many tanneries (Cr), and metal foundries (Cu, 
Zn, Fe, Pb, Ni, Cr) discharging directly into the Heathcote 
River and the City outfall Drain (Chapter 2, section 2.8). 
Metal levels are not elevated at the base of core 
AHE/6 and not significantly elevated in core AHE/5 (Figs 
4.10 and 4.11). The contact between units C and B 15 
intensely bioturbated in core 6 (Appendix 2.0, Section 
A2.1), which suggests that the black zone has been reworked 
and sediment redistributed. The base of core AHE/ 5 
contained stratif ied sand, mud and carbonaceous layers. 
Despi te the presence of the carbonaceous streaks metal 
levels were not significantly elevated which suggests that 
the highly polluted zone was not reached in this core. Most 
metal concentrations are rising slightly near the base of 
core AHE/5. 
During the early "iron working" period the level of 
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sulphide compounds. In other heavy metals are 
possib 1) coprecipi tated Fe and Mn su 2) 
adsorbed onto the surfaces of the charcoal and ash 
particles, and 3) complexed 
sediment surfaces. 
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sediment was largely uncontaminated with heavy metals and 
organic matter. 
The reason unit C sediment did not accumulate 
significant quantities of metal during deposition, despite 
widespread industrial activity, was also the rapid 
sedimentation. As discussed in section 4.3.2, while unit C 
was accumulating, 12 to 25 times as much sediment surface 
was available for metal entrainment than during deposition 
of units Band D. In addition, unit C is composed of more 
clay than units Band D (Fig. 4.5), which further increased 
the surface area available for metal adsorption. 
Heavy metal dilution during periods of rapid 
sedimentation are commonly reported in the literature. For 
instance Fig. 4.12 contains data from Thomas (1972) on Hg 
levels in Lake ontario. Mercury levels around 0.25 j.Lgjg 
reflect natural background levels. At approximately 25cm 
below the surface, Hg concentrations reach a minimum of 
0.14j.Lg/g, which corresponds to a period of active 
deforestation by settlers between 1800 and 1820. While unit 
c metal concentrations are not diluted below background 
levels (Table 4.4), they are clearly diluted relative to 
underlying unit B, and levels expected considering that 
between 1925 and 1950 5 to 10 million litres per day of 
untreated industrial waste was discharged directly into the 
Heathcote River (Chapter 2, section 2.3.4). (The low Mn 
concentrations produced in this study are partly due to 
methodology (see Chapter 6, section 6.6.2).) 
UNIT D 
When unit C deposition ceased, heavy metal and organic 
matter levels rose rapidly in unit D sediment due to 1) 
high waste fluxes from industries on the Banks of the 
Heathcote River, 2) stormwater runoff from the city outfall 
Drain, and 3) discharge from a number of domestic effluents 
during the 1950's and 1960's (such as septic tanks from the 
southern banks of the estuary, a starch factory located in 
the Humphreys Drive area, and treated effluent from the CDB 
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addition, the sudden deceleration in 
rate lowered the sediment surface area 
available for metal uptake. Therefore, individual sediment 
(clay) grains probably adsorbed higher concentrations of 
metals and organic matter than during unit C deposition. 
After 1950, the rising quantity of effluent (Table 
2.3) entering the estuary from the sewage ponds increased 
the load of nitrogen and phosphate compounds to the estuary 
(Knox and Kilner, 1973). These nutrients stimulated growth 
of all organic life, which caused eutrophication of the 
estuary (Chapter 2, section 2.7.2). The steady increase in 
organic matter observed in all cores from the base to 
surface of unit D is probably caused by an increase in 
decaying biota associated with eutrophication. The evidence 
presented in Chapter 2 indicates that the estuary was in a 
state of eutrophication during unit C deposition, which was 
enhanced by the high mud content. However, as with the 
heavy metals, the high sedimentation rate most likely 
diluted organic matter levels in unit C. 
The heavy metal and organic matter peak near the 
middle of unit D probably corresponds with a pre-1972 high. 
Lead-210 data dates this peak spanning the period 1958 to 
1968 (±10 years; Chapter 3, section 3.6.2.3). Therefore, 
this peak probably represents the levels reached before all 
the domestic and industrial effluents were removed from 
estuary and rivers, and diverted to the Christchurch 
Drainage Board treatment plant. 
Since the 1970's many developed countries have 
improved the quality of effluents discharged into local 
water systems. Hence, there are numerous sedimentary 
profiles in the literature showing a decrease in metal 
concentrations after 1970. One example is illustrated in 
Fig. 4.13 (Finney and Huh, 1989). Figure 4.13 contains 
heavy metal sediment profiles from Santa Monica and Dan 
Pedro Basins near the Southern California Borderlands, 
offshore of Los Angeles. Peak contamination occurred from 
the 1930's to the early 1970's due to industrial runoff, 
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atmospheric inputs and sewage effluent. Improvements in 
wastewater treatment in the late 1960' sand 1970' s is 
reflected in the decreasing metal concentrations after 
1970. 
In the present study, the sample interval of 4cm means 
that most unit 0 samples span 9 years. A finer sample 
interval would have located the 1972 peak with greater 
accuracy, and may explain the absence of the peak in AHE/5. 
The peak is also insignificant in core AHE/2a (compared 
with unit C concentrations). However, the absence of the 
1972 peak in core AHE/2a is more likely to be due to the 
location of this core on the eastern slopes away from 
contaminant sources. 
Directly above the 1972 peak, metal levels drop. Lead, 
Ni, Mn, and Fe levels remain low at the surface in cores 
AHE/2a, 3a, 3b, and 6 whereas Cu, Cr, Zn and organic matter 
levels continue to increase but not significantly in core 
2a. In cores AHE/1a and 5 all metals and organic matter 
increase near the surface. In cores RH2 Pb, Zn, and organic 
matter continue to increase up to the surface (Fig. 4.2). 
Even though in 1973, the Christchurch Drainage Board 
(COB) commenced releasing effluent from the ponds only with 
the outgoing tide, the quantity of effluent entering the 
estuary has continued to rise (Table 2.3). Hence, the 
increase in organic matter towards the surface in all cores 
is most likely caused primarily by the COB sewage effluents 
as discussed above. However, the drain and rivers possibly 
also transport some organic debris and carbon particles, 
particularly in the winter months when coal consumption 
increases. 
The Zn and Pb increase after 1972, in cores near the 
river entrances, (AHE/5 and 6) and the stormwater drain, 
(RH2) reflect stormwater runoff rich in Pb from petrol 
emissions and Zn from roof gutters and paint pigments. 
Post 1972 Cr, Cu, and Zn enrichment in cores AHE/3a, 
3b, and 6 is most likely derived from the pond effluents. 
Christchurch domestic sewage sludge contains high levels of 
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Zn (2080~g/g) and Cr (4780~g/g). In fact, the Cr content of 
the Christchurch city sewage sludge is probably amongst the 
highest levels in the world because global averages range 
from 8 to 550~g/g (Nriagu and Pacyma, 1988). 
The rising levels of all metals after 1972 in core 
AHE/1a reflect the influence of both the city Outfall Drain 
and sewage pond effluents in the estuary near Sandy Point. 
The predominant wind currents cause sewage effluents to 
flow south along the western slopes to become ponded in the 
Heathcote Basin (Chapter 2, section 2.1.2). 
The increasing Cu, Cr, Zn, and Pb concentrations near 
the surface of core AHE/5 may relate to a combination of 
stormwater, and occasional industrial 
discharges along the banks of the Heathcote River. 
The high organic matter content and the anaerobic 
neutral to slightly alkaline pH conditions in sediments 
near the head of the estuary favour metal sulphide 
precipitation. Shortly after deposition, some heavy metals 
may either precipitate as sulphides or with Fe and Mn 
sulphides. The rapidly decreasing Eh values with depth (at 
constant pH, Chapter 3, section 3.2.1.2) suggests that some 
surface bound metals and organic matter should be 
remobilised and migrate upwards. However, due to 
evaporation at low tide, interstitial water salinities are 
high (Knox and Kilner, 1973), which may stabilise sulphide 
compounds. Generally Fe and Mn concentrations have not 
risen significantly since 1972, which indicates that these 
metals are not affected by current day anthropogenic 
activity. Higher concentrations of these metals around the 
1972 level may relate to higher quantities of sulphides. 
Sulphide precipitation may have been higher when large 
quantities of untreated domestic and industrial waste were 
discharged into the system. 
The high metal levels at the top of unit D in some 
cores could relate to decreasing sedimentation rates. 
However, decreasing sedimentation rates should 
preconcentrate all metals in all cores. Some metals are 
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rising in some cores while others are not and most metals 
have stabilised in Unit D of core AHE/2a. Hence 
sedimentation rates are unlikely to be affecting metal 
levels at present. 
The presence of the pre-1972 high in most cores 
suggests that sedimentation has been fairly continuous 
since 1950 and that little or no erosion has occurred since 
Unit C ceased accumulating. These findings support the 14C, 
210pb , and pollen data presented in Chapter 3. 
4.4.2 Heavy Metal Distributions in Core AHE/4 
The homogeneous fine sand in core AHE/4 was analysed 
as total sediment, and the results are presented in Fig. 
4.14. All metals, except Ni, are either parallel or below 
the baseline sand values presented in Table 4.4. The high 
Ni concentrations near the top and base of the core mirror 
decreases in Fe, Mn and organic matter. Such variability is 
probably due to diagenetic rather anthropogenic influences. 
The generally uncontaminated profiles of core AHE/4 
and unit D of AHE/2a suggest that present day stormwater, 
industrial, and sewage effluent discharges are only 
affecting muddy sediments near the head of the estuary. 
However, more cores should be studied on the eastern and 
southern shores to sUbstantiate this conclusion. 
4.4.3 Heavy Metal and organic Matter Distributions in 
SWC/l, TS/l and TS/3 Clay Fractions 
The heavy metal and organic matter distributions in 
cores SWC/l, TS/l, and TS/3 are presented in Figs 4.15 and 
4.16. All heavy metal concentrations at both sites are 
below internationally accepted baseline values for pelitic 
sediments (horizontal lines in Figures). Similar results 
were obtained for core SWC/2, which are summarised in Table 
4.5 (and tabulated in the Appendix 3, Table A3.6, section 
A3.2). The low metal levels found in background samples of 
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this study relati ve to the international baseline most 
likely reflect the slightly coarser grain size «4~m versus 
<2~m for the Global standard) and local mineralogy. The 
organic matter levels exhibited by both the Travis Swamp 
and Saltwater Creek Estuary sediments are 1% above the 
global baseline (1.8 to 3.5%), indicating that sediments in 
Canterbury naturally contain 4-4.5% organic matter. The 
increasing Fe and organic matter levels in cores TS/1 and 
TS/3 reflect the change from an estuarine to a swamp 
environment where organic matter levels are naturally 
higher. 
4.4.4 Heavy Metal and organic Matter Distributions in silt 
and Sand Fractions 
All heavy metals and organic matter exhibit similar 
behaviour in sand and silt fractions regardless of locality 
or depth. In Fig. 4.17, organic matter, Pb, and Zn from 
cores AHE/1a, AHE/2a, and AHE/3a, respectively illustrate 
the behaviour. Generally sand metal concentrations are 
uniform with depth, which indicates that the majority of 
heavy metals are lattice bound in this size fraction. 
silt depth profiles tend to mimic clay distributions, 
but the variability is insignificant (ie within 
experimental error). Such behaviour is most likely caused 
by the small component of clay minerals (10%, Chapter 3, 
section 3.5.4) present in the silt grain size. 
All heavy metals and organic matter were significantly 
elevated in the sand and silt fractions of the 6 to 8cm 
black zone in core AHE/2a (Figures 3.7a and 4.17b). In 
contrast, the clay fraction exhibited insignificant 
enrichment of most metals. Under certain conditions Fe and 
Mn hydroxy and sulphide compounds are formed as coarse 
grained precipitates (Forstner and Wittmann, 1981). The pH 
(7) and Eh (-0.24V) of the black horizon predicts sulphide 
deposits. Hence, metal and organic enrichment at 6-8cm in 
core AHE/2a is probably due metal co-precipitation or 
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grains as 
adsorption onto silt and sand sized Fe and Mn sulphide 
!I. 
precipitates. 
4.5 HIERARCHIAL CLUSTER ANALYSIS OF HEAVY METALS AND 
ORGANIC MATTER 
Multiple regression and Q-mode techniques such as 
cluster analysis sometimes reveal correlations that are 
distinct or overlapping between heavy metals and each of 
Fe, Mn and organic matter. Often Fe and Mn form separate 
phases and therefore metals that exhibit a high positive 
correlation with Fe may exhibit a low negative correlation 
with Mn (Horowitz, 1985). In addition high metal-metal 
(e.g. Cd-Zn, Pb-Zn, Cr-Zn, Cr-Cu) correlations may reveal 
anthropogenic rather than lithogenic sources of metals in 
sediments. 
In this study relationships were examined using the 
hierarchial clustering method of Massart and Kaufman 
(1983). The method involves constructing similarity 
matrices for heavy metals and organic matter using 
correlation coefficients. The similarity data is then 
processed either using computer programs or by hand (if the 
number of metals is small), and a dendogram is produced 
which ranks the data in such a way that small clusters are 
included in large ones. 
In this study cluster analyses were performed on the 
following data sets 1) sand, 2) silt, 3) clay, 4) clay from 
Saltwater Creek and Travis Swamp (baseline), 5) Clay from 
the black zone at the top if unit B (Unit B), 6) clay from 
unit C, and 7) clay from unit D. 
All dendograms are presented in Fig. 4.18, where 
dashed lines represent the level of significance (a=0.05) 
using Pearsons distribution. The similarity matrices are 
presented in Appendix 3.0, section A3.3. 
Discussions will be with regard to general trends 
rather than the behaviour of individual metals. 
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Dendograms illustrating 
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heavy metals and organic 
matter in bottom 
sediments of this study. 
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4.5.1 Sand and silt Clusters 
Both the sand and silt fractions produced similar 
cluster groups. Two distinct clusters include Fe-Organic-
Cu, and Pb-Zn with a lesser relationship to Mn. In sand Cr 
is more strongly associated with the cu-Organic-Fe group 
than in silt. The main difference between the two 
dendograms is that Ni correlates with Mn in sand but not in 
silt, and that Cr and CU are highly correlated in sand. 
Although Fe is a natural component of most minerals, 
organic matter is not. Hence, the Fe....;organic-Cu group 
probably represents the authigenic mineral phase either 
carried into the estuaries (Avon-Heathcote and Saltwater 
Creek) by the rivers and sea and/or material precipitated 
during estuarine mixing. These minerals are probably held 
in the red crusty material observed in the sand fraction 
under the microscope (Chapter 3, section 3.5.2). Hence, 
some dissolved Fe is probably precipitated as hydroxides 
during estuarine mixing. 
The significance of the Fe-organic-Cu cluster has 
probably been enhanced by the low Fe recoveries (81%, 
Chapter 6). Some minerals were not totally dissolved by the 
acid during extraction. Hence the proportion of mineral Fe 
relative to authigenic Fe may have been lowered. 
The Pb-Zn-Mn group may relate to natural lithogenic 
distributions of metals within the mineral grains. The 
slight differences between the sand and silt dendograms may 
reflect the small percentage (10%) of clay minerals in the 
silt fraction, whereas the sand fraction contains no clay 
minerals. 
4.5.2 Total Clay Clusters 
The total clay dendogram indicates that generally all 
heavy metals and organic matter are correlated. Manganese 
and organic matter are more significantly clustered with 
heavy metals than Fe. This pattern suggests that in the 
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clay size fraction, Mn sulphides and organic matter are 
more important substrates for metal attachment than Fe 
sulphides. 
4.5.3 Baseline Clay Clusters 
The baseline clay dendogram (Saltwater Creek and 
Travis Swamp) resembles the sand and silt dendograms, but 
the CU-Organic group is not clustered with Fe, and the Pb-
Zn cluster is not related to Mn. The Cu-organic group 
probably again represents the authigenic phase, whereas the 
Pb-Zn group is lithogenic. The third group Fe-Mn-Cr-Ni 
could relate to either 1) clay mineralogy, and/or 2) 
surface bound Fe and Mn compounds containing adsorbed Ni 
and Cr. 
4.5.4 Post-European Clay Clusters 
The clusters of the 3 post-European clay fractions all 
contain distinct and insignificantly related Fe and organic 
matter groups. unit C contains the Pb-Zn group 
characteristic of the baseline clays, sand, and silt 
fractions, and two weak correlations for Mn-Cr and Cu-Ni. 
A new group, Pb-Mn-Cu, has emerged in unit D and unit 
B sediment of the black zone, and a Ni-Zn group which 
correlates with Cr in unit D. 
These correlations most likely reflect anthropogenic 
activity surrounding the Avon-Heathcote Estuary, since 
1860. Most Fe is probably transported as hydroxy compounds 
and precipitated during estuarine mixing as in the sand 
silt, and baseline sediments. The Pb-Mn-Cu and Cr-Ni-Zn 
groups of both units Band D are probably derived from 
industrial, stormwater, and sewage effluent discharge into 
the estuary system. Both the city outfall Drain and rivers 
transported metal and organic enriched effluents into the 
estuary while all 3 units accumulated. Hence, the 
individual sources cannot be identified by the cluster 
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analysis. 
Hay (1988) clustered the clay fraction of city outfall 
Drain sediments and 
correlation. This 
found a significant 
correlation probably 
Pb-Zn-Organic 
reflects a 
stormwater origin rich in Pb (from street dust) and Zn 
(from roofing and paint pigments) and organic matter 
(washed from the city surfaces including ash and charcoal 
from coal combustion). 
The significant organic matter correlation with Pb-
Mn-Cu-Zn-Ni-Cr in sediment near the top of unit B supports 
the interpretation that the black material in this layer is 
derived principally from ash and soot particles emitted 
from industries around the turn of the century (ie metals 
and organic matter are from the same source). The separate 
grouping of Fe in this layer suggests that Fe enrichment is 
not related to anthropogenic activity. This result supports 
the conclusion of Section 4.4 that Fe has been precipitated 
as sulphides in the black layer. Mn may also be present in 
Mn sulphides. If so, then Mn sulphides and organic matter 
are important substrates for heavy metal attachment near 
the top of unit B. 
The absence of the Pb-Mn-Cu and Ni-Zn-Cr groups in 
unit C is probably due to the rapid deposition of this 
unit. These groups may be present, but are 
indistinguishable from the natural component by cluster 
analysis. The slight differences between the unit C 
dendogram and that of the baseline clays may reflect the 
anthropogenic influence. 
The distinctly separate organic matter group in units 
C and D suggests a new or additional source of organic 
matter to the estuary, which is unrelated to other sources 
of metals. The organic rich effluents discharged to the 
estuary through historical times and the increase in 
organic matter in the sediment resulting 
eutrophication of the estuary are possible sources. 
from 
Table 4.4: Background Levels of Metals found in various 
Sediments (~g/g) 
Average Sandstone(2,3) 
Global(l) 
Shale and 
Clays(4) 
Mn 850(600(4» 50(3) (390) 
Zn 95 16 
Cr 90 (60(4» 35 
Ni 68 (32(4» 2 
cu 45 (21(4» 2(3) (15) 
Pb 20 7 
Fe 4.67% major 
Cd 0.2-0.3 .02 
Org. 
(1) Turekian & Wedepohl 1961 
(2) Drever 1982 
Fossil(3) 
Lake 
«2J1.m) 
400-960 
105-115 
47-59 
46-51 
25-51 
16-30 
1.8-3.2% 
0.2-0.3 
1.8-3.5% 
(3) Forstner and wittmann 1981 
(4) Salomons and Forstner 1984 
Recent (3) 
Lakes remote 
areas Europe 
«2J1.m) 
760 
118 
62 
66 
45 
34 
4.3% 
0.4 
16% 
4.6 DETERMINATION OF HEAVY METAL ENRICHMENT IN THE 
AVON-HEATHCOTE ESTUARY 
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Now that the geological parameters, sedimentation 
rate, grain size distribution, mineralogy, depositional 
environment, and provenance have been established in the 
Avon-Heathcote Estuary (Chapter 3) heavy metal enrichment 
can be determined with confidence. 
Enrichment calculations compare sediments to 1) 
average shale and average sandstone (Table 4.4) , 2) 
uncontaminated sediment of the same composition from 
outside the study area, and 3) similar sediment from pre-
historic levels in sediment cores. 
Table 4.4 contains average background reference values 
commonly used by many workers in determining heavy metal 
enrichment in sediments. Some of these values have already 
been introduced in earlier parts of this chapter. The 
average standard shale values in column 1 were first 
produced by Turekian and Wedepohl (1961). These values are 
a consensus of a large data set from studies carried out in 
the 1950 IS. The original data set has been improved in 
recent times due to cleaner analytical teChniques (Salomons 
and Forstner, 1984). The importance of understanding grain 
size distributions is illustrated by the low sandstone 
background values compared with clay values in Table 4.4. 
The samples used for setting up the standard 
background data were obtained from widely different 
environments, hence these reference values are not always 
an ideal comparison. Nevertheless, the standards do provide 
a quick check on heavy metal enrichment in a given area. 
A more realistic assessment of contamination can be 
obtained if samples are compared to uncontaminated samples 
of the same composition. Baseline sediments are chosen from 
either near the study area or from deeper levels in cores. 
Care must be taken to account for possible diagenetic 
affects when using sediment from the base of cores. 
Once the baseline reference data have been obtained 
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then a choice of calculations is available to compute the 
level of contamination. The most common heavy metal 
enrichment calculations include the Index of 
Geoaccumulation (Igeo), 
Enrichment Factor (EF) 
Pollution Load Index (PLI) , 
and contamination Factor (CF) 
(Araujo et aI, 1988; Forstner and Salomons, 1980; Hornung 
et aI, 1989; Nicolaidou and Nott, 1989; Premazzi et aI, 
1986) . 
The Index of geoaccumulation is calculated from 
Igeo = log2 Cn 
1.5Bn 
where Cn is the concentration of a particular heavy metal 
in the clay fraction and Bn is the background value. The 
factor of 1.5 is introduced to include possible variations 
of background data which are attributable to lithogenic 
variations in the sediment (Glasby et aI, 1988; Stoffers et 
aI, 1986). Each step, from one class to the next higher 
class relates to a doubling of metal concentrations. An 
index of class 6 corresponds to 100 fold enrichment above 
background. 
The simplest calculation involves the contamination 
factor (CF) which is defined as the ratio of a pollutant in 
the surficial sediment to the natural background level. 
The degree of contamination is a sum of contamination 
factors for all metals studied. Degrees of contamination <6 
are considered insignificant, whereas values above 24 are 
considered highly significant (Premazzi et aI, 1986). More 
elaborate calculations involving the CF have been used by 
Hamouda and Wilson (1989) to calculate the Pollution Load 
Index (PLI). This technique is useful in that it can be 
used to compare areas within estuaries or compare between 
2 or more estuaries. 
Another common method of calculating the degree of 
metal pollution in sediments involves the Enrichment Factor 
(EF), which is discussed in Appendix 3.1 in relation to 
grain size correction. The Enrichment Factor: 
Table 4.5 Comparison of Sand Fraction Results between Cores 
Pb Cu Ni Zn Mn Fe Cr ORGANIC 
pg/g pg/g pg/g pg/g pg/g % pg/g % 
AHE/la 7.66 4.67 12.70 25.30 54.50 1.17 20.50 1.40 
2a 4.42 4.55 9.73 21.10 42.10 1.10 22.40 1.80 
3a 5.39 7.30 9.03 23.80 44.20 1.53 26.90 1.40 
5 3.17 6.63 9.80 22.80 47.10 1.40 26.61 1.55 
6 6.41 6.66 8.17 30.90 43.20 1.07 28.50 1.80 
RH2* 25.60 9.30 12.30 38.00 147.00 1.94 34.20 2.59 
TS/l 2.29 2.95 12.80 20.20 33.10 .95 19.70 1.28 
TSj3 2.58 5.45 5.97 19.90 37.50 1.10 18.20 1.11 
SWC/l 3.05 3.87 6.04 16.90 35.60 .90 17.40 .96 
SWCj2 3.38 8.53 7.82 25.70 41.30 1.28 21. 70 1.44 
Baseline# 7.00 2-15 2.00 16.00 50-390 35.00 
Errors are within 10% of mean Values. 
All data are mean values for each core; -, no data. 
#, Internationally accepted Baseline values (Drever, 1982; Forstner and Wittman, 1981) 
*, calculated from data of Hay (1988). 
Table 4.6 Comparison of Silt Fraction Results between Cores 
Pb Cu Ni Zn Mn Fe Cr ORGANIC 
pg/g pg/g pg/g pg/g pg/g % pg/g % 
AHE/la 15.40 12.10 13.80 46.80 75.00 1.80 48.20 2.00 
2a 6.42 17.00 12.00 36.90 69.00 1.72 34.60 2.65 
3a 8.62 17.30 13.20 47.20 86.70 2.28 44.90 2.24 
5 6.94 10.10 10.10 46.50 72.45 1.94 32.40 1.80 
6 10.80 13.30 11.00 51. 60 47.90 2.20 43.80 2.35 
RH2* 11.60 8.40 13.70 49.10 630.00 3.15 38.40 2.11 
TS/l UD 8.84 13.50 28.50 65.70 1.49 30.30 1.90 
TSj3 UD 7.21 15.10 23.50 28.50 1.48 30.20 1.41 
SWC/l 2.53 7.49 10.50 24.20 20.80 2.03 31.00 1.86 
SWCj2 UD 9.64 17.50 32.40 37.90 1.48 32.40 1.59 
Errors are within 10% of mean Values. 
All data are mean values for each core; -
*, calculated from data of Hay (1988). 
no data; UD, undetectable. 
EF(M) = ilUs I [AI) s 
[M] a / [AI] a 
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where Ms and Als are the heavy metal and Al concentrations 
in the sediment of interest, while Ma and Ala are their 
respective concentrations in a suitable baseline (Bordalo, 
costa and Peneda, 1986; Hornung et aI, 1989). 
4.6.1 Metal Enrichment in Sand and silt fractions 
Tables 4.5, 4.6 and 4.7 contain a summary of the heavy 
metal data obtained from the Avon-Heathcote Estuary, 
Saltwater Creek Estuary, and Travis Swamp. All sediment raw 
data is tabulated in Appendix A3.2. 
Generally in the sand and silt fractions most metals 
and organic matter are not significantly elevated above 
baseline levels. However, Organic matter, Mn, and Pb of RH2 
sand, and Mn of RH2 silt show significant enrichment. These 
high results may be partly due to clay-organic aggregates 
forming during drying. Hay (1988) separated sand from mud 
by dry sieving. The author found that wet sieving helped 
disaggregate fine grained agglomerates, which were retained 
in the sand fraction after dry sieving. 
Reference sediment Mn recoveries in this study are 
generally 75% of those of Hay (1988) (Chapter 6, Fig. 6.7), 
which is not low enough to account for the difference in Mn 
levels between RH2 (and the drain) and the estuary. Some Mn 
(and Fe) in the area of the drain is probably derived from 
ash particles and stormwater piping. However these sources 
are generally not high enough in Mn to have produced the 
concentrations detected by Hay (1988) in silts of the city 
Outfall Drain and adjacent estuary (Table 4.1). Therefore, 
Mn enrichment in RH2 silt may result from silt-sized 
precipitates of Mn sulphides. 
4.6.2 Metal Enrichment in the Clay Fractions 
In Table 4.7 clay heavy metal data from the Avon-
Table 4.7 Comparison of Clay Fraction Results Between Units and Baseline Samples 
Pb Cu Ni Zn Mn Fe Cr ORGANIC 
J.1g/g J.1g/g. J.1g/g J.1g/g J.1gjg % J.1g/g % 
Surface (Avon-Heathcote Estuar~~ 
1a 189.00 96.00 .10 540.00 340.00 6.59 196.00 10.00 
2a 52.00 60.00 30.00 130.00 180.00 4.90 80.00 9.10 
3a 28.50 56.10 55.70 340.00 190.00 4.54 194.00 8.70 
5 92.00 74.40 61.00 303.00 297.00 4.00 118.00 7.00 
6 140.00 124.00 33.20 462.00 290.00 5.10 182.00 7.70 
RH2* 244.00 62.70 42.90 528.00 1120.00 7.57 202.00 8.93 
Unit D 
1a 153.00 67.60 63.90 430.00 279.00 5.95 199.00 9.10 
2a 50.10 63.90 28.90 126.00 186.00 4.40 73.50 7.90 
3a 60.30 52.00 49.90 341.00 212.00 5.00 179.00 7.48 
5 92.00 74.40 61.00 303.00 297.00 4.02 118.00 6.98 
6 143.00 104.00 40.10 490.00 279.00 5.33 180.00 7.63 
RH2 150.00 67.80 48.50 406.00 1345.00 8.73 189.00 7.84 
Unit B (Black horizon in top 2-4cm6 
1a 186.00 66.30 117.0 414.00 566.00 4.44 81.40 7.85 
2a 163.00 83.50 54.40 383.00 549.00 10.30 99.70 6.29 
3a 164.00 117.00 52.60 264.00 565.00 7.92 121.00 7.39 
RH2 152.00 88.10 102.00 282.00 3071.00 9.30 96.40 7.51 
Unit B (BaCk~round, pre-1850 A.D) 
1a 3.50 56.10 32.40 148.00 285.00 4.51 82.70 6.25 
3a 36.50 32.40 43.50 126.00 280.00 5.86 96.80 7.40 
6 31.20 22.80 30.00 200.00 235.00 4.10 84.00 5.00 
RH2 40.70 40.70 44.80 129.00 849.00 4.35 86.60 5.34 
Unit C 
1a 30.50 35.10 31.40 105.00 238.00 4.63 77.70 6.10 
2a 40.70 28.70 28.30 125.00 213.00 4.56 80.50 6.32 
3a 44.30 35.50 41.50 225.00 274.00 6.54 116.00 7.17 
5 40.10 34.20 42.90 130.00 289.00 4.14 79.40 4.70 
6 58.10 41.00 26.90 348.00 265.00 4.16 96.10 5.87 
RH2 82.20 35.50 55.60 170.00 1381.00 7.95 79.40 5.73 
Background References 
4.16 60.30 4.80 TS/1 29.30 27.00 25.30 91.90 149.00 
TS/3 37.50 18.90 36.20 110.00 229.00 4.96 84.70 4.41 
TS I.AV) 33.20 22.95 30.75 100.95 189.00 4.56 72.50 4.60 
SWC 1 15.90 30.80 36.00 109.00 250.00 4.11 91.00 5.99 
SWC!2 37.90 38.20 38.50 122.00 244.00 4.84 100.00 6.00 
Baseline# 20-30 21-45 32-70 95-120 600-800 4-5 60-90 1.8-3.5 
Errors are 10-20% of the mean values; TS (Av), average of values for TS§l and TS/3. 
All data are mean values for each unit or core. *, raw data from Hay ~1 88). 
#, Internationally acce~ted Baseline values (Turekian and Wedepohl, 1 61; 
Salomons and Forstner, 984; Forstner and Wittmann, 1981) 
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Heathcote Estuary are averaged for horizons of specific 
interest in each unit, and compared to mean values from the 
baseline cores of the Travis Swamp and Saltwater Creek 
Estuary. 
Generally most metals and organic matter appear 
significantly elevated in surface samples, unit D, and the 
black horizon near the top of unit B, whereas unit C and 
pre-1850 unit B clay are not enriched in metals. Most 
metals are not elevated in unit D sediments of cores AHEj2a 
and 3a (accept Cr and Zn in AHEj3a) . 
The Fe and Mn data is uniform except in the black 
horizon of unit Band RH2. The results of the cluster 
analysis show that generally Fe distributions are not 
affected by the presence or absence of other metals, hence 
Fe may be an acceptable conservative element for enrichment 
calculations. However, the elevated Fe concentrations in 
the black zone at the top of Unit B are not related to the 
enrichment of the other metals in this zone (Fig. 4.18). 
Hence, Enrichment Factors (EF) calculated using Fe as the 
conservative element may suppress the real degree of metal 
contamination in this zone. To account for this 
possibility, enrichment will be determined with and without 
Fe as the conservative element and the results compared. 
Tables 4.8 and 4.9 present heavy metal enr ichment 
calculated using the Enrichment Factor (EF) and the Index 
of Geoaccumulation (Igeo) respectively. It is considered 
that EF values above two are significant, while the classes 
of Igeo are: 
Class 
o 
1 
2 
3 
4 
5 
6 
Igeo (Stoffers et ale 1986) 
o 
0-1 
1-2 
2-3 
3-4 
4-5 
>5 
Uncontaminated 
Uncontaminated to moderately contaminated 
Moderately contaminated 
Moderately to strongly contaminated 
Strongly contaminated 
Strongly to extremely contaminated 
Extremely contaminated 
The Avon-Heathcote Estuary sediments are geologically 
and chemically more similar to sediments of the Travis 
Table 4.8 Enrichment Factors (EF) for Heavy Metals and Organic Matter of 
Avon-Heathcote Estuary Clay Fractions 
Pb Cu Ni Zn Mn Fe Cr ORGANIC 
Unit D 
1a 3.51 2.26 1.59 3.26 1.13 1.00 2.10 1.51 
2a 1.55 2.89 .97 1.29 1.02 1.00 1.05 1. 78 
3a 1.65 2.07 1.48 3.08 1.02 1.00 2.25 1.48 
5 3.12 3.68 2.25 3.40 1. 78 1.00 1.85 1. 72 
6 3.66 3.88 1.12 4.15 1.26 1.00 2.12 1.42 
RH2* 2.35 1.54 .82 2.10 3.72 1.00 1.36 .89 
Unit B (Black horizon in top 2-4cm) 
1a 5.72 2.97 3.91 4.21 3.08 1.00 1.15 1. 75 
2a 2.16 1.61 .78 1. 68 1.29 1.00 .61 .60 
3a 2.83 2.94 .98 1.51 1. 72 1.00 .96 .92 
RH2 2.23 1.88 1.63 1.37 7.97 1.00 .65 .80 
Unit B (Background, pre-1850 A.D) 
1a 1.32 2.47 1.07 1.48 1.52 1.00 1.15 1.37 
3a .85 1.10 1.10 .97 1.15 1.00 1.04 1.25 
6 1.04 1.10 1.09 2.20 1.38 1.00 1.29 1.21 
RH2 1.28 1.86 1.53 1.34 4.71 1.00 1.25 1.22 
Unit C 
1a .90 1.51 1.01 1.02 1.24 1.00 1.06 1.30 
2a 1.22 1.25 .92 1.24 1.13 1.00 1.11 1.37 
3a .92 1.08 .94 1.55 1.01 1.00 1.12 1.09 
5 1.32 1.64 1.54 1.42 1.68 1.00 1.21 1.12 
6 1.91 1.96 .96 3.78 1.54 1.00 1.45 1.40 
RH2 1.41 .89 1.04 .97 4.19 1.00 .63 .71 
EF=(Metal(Sample)/Fe(Sample»/(Metal~TS)/Fe(TS» 
TS; Travis Swamp average from Table .7. 
*, Hay (1988). 
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Swamp than those of the Saltwater Creek Estuary (Chapter 
3). Hence, the average clay fraction results of both Travis 
Swamp cores (TS Av) are chosen as the baseline values 
(Table 4.7). 
4.6.2.1 Enrichment Factors 
Generally unit C and pre-1850 unit B show 
insignificant enrichment (EF<2) in all metals and organic 
matter. The significant Mn enrichment found in these zones 
of core RH2 is principally due to the higher Mn yield 
obtained by Hay (Chapter 6). The high Zn levels in core 
AHE/6 are due to an isolated result of 682Mg/g near the top 
of unit C, which may correlate with a spillage of raw 
sewage from the ponds in the late 1950's. This result is at 
the level that correlates with a death assemblage of Mactra 
ovata at Pleasant Point (Chapter 3, section 3.6.1). 
Generally Pb, Cu, and Zn show significant enrichment 
in sediments of unit D and the top of unit B from near the 
river and drain entrances (AHE/1a, 5, 6, and RH2) , and less 
significant enrichment in cores AHE/2a and 3a, which are 
away from the river and drain entrances. Significant Cr and 
Zn enrichment occurs in unit D sediment from cores adjacent 
to the Christchurch Drainage Board pond outfalls (cores 
AHE/1a, 3a, and 6). The black zone at the top of unit B 
shows significant Pb, and Cu enrichment in most cores, and 
Zn, Ni, and Mn enrichment in AHE/1a. Organic matter shows 
minor enrichment in all units of all cores. 
4.6.2.2 Index of Geoaccumulation 
Generally the Indexes of Geoaccumulation agree closely 
to enrichment calculated using EF. 
However, the Igeo values show slight to moderate 
organic matter enrichment in unit D of all cores. Organic 
matter levels have increased about 1~ times since 1950, 
which is a major increase in the quantity of organic 
matter, considering it is naturally present in quantities 
around 4.5%. 
Table 4.9 Calculation of Enrichment using the Index of Geoaccumulation (Igeo) 
Pb Cu Ni Zn Mn Fe Cr ORGANIC 
Surface (Avon-Heathcote Estuary) 
la 1.92 1.48 .64 1.83 .26 -.05 .85 .54 
2a .06 .80 -.62 -.22 -.66 -.48 -.44 .40 
3a -.81 .70 .27 1.17 -.58 -.59 .84 .33 
5 .89 1.11 .40 1.00 .07 -.77 .12 .02 
6 1.49 1.85 -.47 1.61 .03 -.42 .74 .16 
RH2* 2.29 .87 -.10 1.80 1.98 .15 .89 .37 
Unit D 
1a 1. 62 .97 .47 1.51 -.02 -.20 .87 .40 
2a .01 .89 -.67 -.27 -.61 -.64 -.57 .20 
3a .28 .60 .11 1.17 -.42 -.45 .72 .12 
5 .89 1.11 .40 1.00 .07 -.77 .12 .02 
6 1.52 1.60 -.20 1. 69 -.02 -.36 .73 .15 
RH2 1.59 .98 .07 1.42 2.25 .35 .80 .18 
Unit B (Black horizon in top 2-4cm) 
1a 1.90 .95 1.34 1.45 1.00 -.62 -.42 .19 
2a 1. 71 1.28 .24 1.34 .95 .59 -.13 -.13 
3a 1. 72 1. 76 .19 .80 .99 .21 .15 .10 
RH2 1.61 1.36 1.14 .90 3.44 .44 -.17 .12 
Unit B (Background, pre-1850 A.D) 
1a -.20 .70 -.51 -.03 .01 -.60 -.40 -.14 
3a -.45 -.09 -.08 -.27 -.02 -.22 -.17 .10 
6 -.67 -.59 -.62 .40 -.27 -.74 -.37 -.46 
RH2 -.29 .24 -.04 -.23 1.58 -.65 -.33 -.37 
Unit C 
1a -.71 .03 -.55 -.53 -.25 -.56 -.49 -.18 
2a -.29 -.26 -.70 -.28 -.41 -.58 -.43 -.13 
3a -.17 .04 -.15 .57 -.05 -.06 .09 .06 
5 -.31 -.01 -.10 -.22 .03 -.72 -.45 -.55 
6 .22 .25 -.78 1.20 -.10 -.72 -.18 -.23 
RH2 .72 .04 .27 .17 2.28 .22 -.45 -.27 
Igeo = log2(Cn/1.5Bn}, where Cn is metal concentration in sample, and Bn is 
metal concentration ~n baseline sam~le, Ts (Av), from Table 4.7. 
*, calculated from data of Hay (198 ). 
170 
units C and baseline B show zero enrichment in all 
cores (ignoring the high metal recoveries of Hay, 1988). 
The black layer at the top of unit B shows moderate Pb, Cu, 
Zn, and Mn enrichment in all cores, while Ni is not 
significantly enriched in cores AHE/2a and 3a. unit D shows 
moderate Pb, Cu, and Zn Igeo values in all cores, except 
AHE/2a and 3a. As mentioned above, cores AHE/2a and 3a are 
away from most river and drain entrances, which explains 
their low metal contamination. However, there is some Cr 
and Zn enrichment in unit D of core AHE/3a. Generally Ni, 
Fe , Mn and organic matter are not enriched in any unit. 
Organic matter and Cr show slight to moderate enrichment in 
unit D, and Fe and Mn show moderate enrichment in the black 
horizon of unit B. Moderate Cr enrichment occurs in cores 
adjacent to the outfall of the sewage ponds (cores AHE/1a, 
3a, and 6). 
In the Avon-Heathcote Estuary unit D metal enrichment 
is comparable to that in the Manukau, waitemata (Auckland 
City), and Wellington (Wellington City, Fig 1.0) harbours 
of the north Island. Stoffers et al. (1986) found Igeo 
classes from 1 to 2 for most areas of Wellington Harbour 
and values above 3 in small pockets adjacent to discharge 
points of industrial effluents and near wharfs. Most Igeo 
classes ranged 2 to 3 for sediments of the Manukau and 
waitemata harbours of Auckland city, with values of 4 to 5 
in small localised areas near industries (Glasby et ale 
1988). Glasby et ale found sediment enrichment adjacent to 
the Manukau Sewage purification works in the 0 to 1 range 
for Zn, Pb, Ni and Cu, which is similar to results found 
here. The main contaminant sources were stormwater runoff 
and industrial wastes. 
4.7 CONCLUSION OF SUB-SURFACE HEAVY METAL AND ORGANIC 
MATTER DISTRIBUTIONS 
Generally heavy metal and organic matter distributions 
in sediment profiles from the Avon-Heathcote Estuary fit 
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closely to that predicted by the historical synthesis 
(Chapter 2). The pre-European sediments in unit B contain 
similar levels of all metals and organic matter to 
sediments of the Travis Swamp and Saltwater Creek Estuary. 
Despite the differences in chemical environment between the 
Saltwater Creek Estuary and the Travis Swamp, most metal 
and organic matter concentrations are similar between the 
two locations. 
Sediment dated 1900 to 1925 near the top of unit B is 
moderately enriched in metals (including Fe) and organic 
matter. Peak levels are found in the black coloured zone of 
all cores including RH2 (Hay, 1988). Around the turn of the 
century, high metal fluxes originated from a combination of 
industrial sources (including tanneries, Cr; brass and iron 
works, Zn, Cu, Fe, Ni, Mn; Gasworks, fly ash Pb, and Mn), 
and stormwater loaded with ash, charcoal and industrial 
effluents. Most contaminants were transported to the 
estuary via the Heathcote River and the city outfall Drain. 
Although Fe was probably also discharged in high quantities 
from factories during the "iron working" days, 
contamination would have been obscured by the high natural 
Fe levels in the sediments (4-5%). 
organic matter enrichment in the sediment at the top 
of unit B was caused by organic rich effluents from 1} the 
sewage ponds, 2} septic tanks along the southern banks of 
the estuary, and 3) a soap factory in Humphreys Drive (in 
addition to the high flux of ash particles) . 
Coal combustion probably increased sulphate emissions 
to the estuary during the period. Hence the black colour in 
sediment deposited around the turn of the century may 
result from a combination of soot particles (ash, charcoal) 
and Fe and Mn sulphide precipitates. The high level of 
organic matter in this layer suggests that conditions were 
most likely anaerobic at the time, which would favour metal 
sulphide precipitation. 
Despite the large quantities of industrial and 
domestic waste discharged into the Avon-Heathcote Estuary 
172 
system between 1925 and 1950, the heavy metal and organic 
matter concentrations in Unit C are not significantly 
elevated relative to baseline. contamination was prevented 
by the approximately 25 times greater sediment surface area 
available for metal attachment during Unit C deposition 
than during units Band D deposition. The increase in 
surface area w~s caused by unit C' s rapid sedimentation 
rate and high clay content. 
Heavy metal and organic matter concentrations increase 
rapidly from the base of unit D until a point which 
probably corresponds with the early 1970' s. Metal and 
organic matter levels drop in sediment immediately above 
this point. This pattern corresponds with the sudden 
decrease in sedimentation rates from unit C (6 to 12 
cm/year) to unit D (around 0.5cm/year), and rising effluent 
fluxes. Between 1968 and 1972 the starch factory in 
Humphreys drive, closed down, and all the industrial and 
domestic effluents discharging into the estuary and 
Heathcote River were diverted to the Christchurch Drainage 
Board treatment Plant. The abrupt removal of such large 
quantities of untreated effluent (well over 10 million 
litres per day) is most likely responsible for the dramatic 
drop in metal levels around the 1972 point in cores from 
the Avon-Heathcote Estuary. 
After 1972 the increase in organic matter observed in 
all cores is probably due to slowly rising quantities of 
suspended matter (algae) and nutrients discharged to the 
estuary from the sewage ponds. 
The common wind circulation patterns in the estuary 
drive non-saline waters from the Avon and Heathcote Rivers, 
sewage ponds and city outfall Drain into the Heathcote 
Basin, which has turned this depository into the major sink 
for heavy metals and organic matter in the Avon-Heathcote 
Estuary. The most anaerobic conditions were observed in the 
Heathcote Basin. Even though most of the pond effluent 
leaves the estuary on a tidal cycle a considerable 
proportion of dead algae are probably deposited in the 
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Heathcote Basin along with sediments from the Heathcote 
River. During prolonged storms turbulent water may increase 
the oxygen content in the surface sediments. such 
conditions may remobiliseheavy metals into overlying 
water. Hence, the Heathcote Basin may be a potential source 
of heavy metals to overlying water. 
The uncontaminated sediments in core AHE/4 and unit D 
of core AHE/2a indicate that the ponds and drains are only 
influencing heavy metal levels in sediment near the head of 
the estuary from the Avon depository across the western 
slopes to the Heathcote Basin. However the rising organic 
matter levels in unit D of core AHE/2a indicate that 
eutrophication is affecting the whole estuary. 
The elevated sediment metal levels observed by CDB 
near the old outlet of the Mt Pleasant septic tank are most 
likely derived from a thermal spring in the area. 
The extreme Cr (10708j.£g/g), Zn (6215j.£g/g), and Pb 
(55000j.£g/g) contamination observed in the 1980's adjacent 
to industrial discharge points in the Woolston area 
suggests that some factories are still emptying effluent 
into the Heathcote Ri ver despite widespread removal of 
wastes from the river in the early 1970's. 
The results of this study agree with previous studies 
in that Pb and Zn are the most significantly enriched 
metals in the Avon-Heathcote Estuary. Nickel is generally 
insignificantly enriched in all units except near the top 
of unit B, which probably correlates with metallurgy 
industries in the early days. In addition, Fe and Mn 
concentrations are generally not elevated in sediments of 
the estuary except near the drain and the top of unit B, 
which is probably due to their precipitation as sUlphides. 
The rapid drop in heavy metal and organic matter 
levels with depth in the Avon and Heathcote rivers, 
observed by Anderson (1985), Hulse (1983), and Purchase 
(1983), supports the historical analysis in that most near 
surface sediment in the rivers post-dates 1950. 
Further research would be useful on unit D sediments 
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of the Southern shores, McCormacks Bay, and Moncks Bay to 
determine the impact of urban activity on these areas of 
the estuary. 
A BRIEF SURVEY OF HEAVY METAL CONCENTRATIONS IN SUSPENDED 
SEDIMENT AND WATER OF NON-SALINE WATERS ENTERING THE 
AVON-HEATHCOTE ESTUARY 
4.8 INTRODUCTION 
A limited study was undertaken to determine heavy 
metal concentrations in the suspended matter and to a 
lesser extent the dissolved phase entering the Avon-
Heathcote Estuary from each major point source (Avon River, 
Heathcote River, city Outfall Drain, and sewage ponds 5 and 
6). The principal aim was to determine whether or not any 
of these waterways are supplying high concentrations of 
heavy metals to the Avon-Heathcote Estuary at the present 
time. 
Between 26 February 1988 and 17 July 1989 water 
samples were collected at low tide, every 6 weeks, from 
near the entrances of the Avon River (Wainoni Bridge), 
Heathcote River (Catherine st), City Outfall Drain 
(Charlesworth st), and the outlets of ponds 5 and 6 (Fig 
2.2). It was necessary to go a short distance up the rivers 
and the drain to match their salinities with those of the 
ponds. Consequently some of the Woolston industrial area 
was missed. Hence metal concentrations will be a minimum 
for the Heathcote River. 
4.9 PROCEDURE AND QUALITY CONTROL IN WATER ANALYSIS 
All laboratory procedures (including acid washing of 
plastic and glassware) were carried out in a class 100 
Clean Room. Samples we.re collected in 1 litre polypropylene 
bottles. Prior to use, the sample bottles and other 
Table. 4.10 Detection Limits Obtained During water study 
(ng/ml). 
Graphite Furnace AAS Flame AAS 
cu Ph Cr Ni Zn Mn Fe 
n 69 79 40 60 118 122 111 
X .06 .04 .02 .03 .02 .02 .02 
xe(.05) .001 .001 .002 .002 .002 .002 .003 
n· , number of analyses of the blank. 
Xi detection limit (mean blank absorbence + 3s, 
corrected to sample volume). 
Xe ( • 05) ; error on X at 95% Confidence. 
Table. 4.11 Results of SD-N-1 Analysed During Water study 
(all data ~g/g, except Fe which is %). 
Graphite Furnace AAS 
n 
X 
11-
Xe ( (5) 
Y (§.,) 
Cu 
14 
72.5 
72.2 
7.33 
100 
Pb 
14 
125 
120 
11.8 
104 
Cr 
8 
128 
149 
10.4 
86 
Xi mean SD-N-1 concentration. 
Ni 
14 
29 
31 
3.67 
94 
Flame AAS 
Zn 
14 
445 
439 
43.5 
101 
Mn 
13 
603 
777 
71.8 
77.6 
Fe 
12 
3.12 
3.64 
0.45 
85.7 
l1-i certified mean SD-N-1 concentration, recognised by 
IAEA (1988). 
xe( 05)i error of X. 
Y; ~X/~)100, percentage yield of X. 
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utensils were soaked in 4M AR nitric acid for 48 hours, and 
rinsed several times with Millique de-ionised water (DI). 
Filter papers were desiccated for 12 hours and weighed 
prior to filtering. 
Plastic disposable gloves were used when collecting 
the water samples. Initially the sample bottles were rinsed 
with river water at a point down stream of the collection 
site. The water samples were taken upstream of the bottle-
holding hand, at a water depth of 20cm, and at a distance 
from the river bank of about 1m. Water temperature, pH, Eh, 
and salinity were measured at each site after sample 
collection. All meters were calibrated in the field with 
standard buffers (American Public health Association 
(AHPA), 1971). 
Immediately after collection the water samples were 
transferred to the Clean Room. Sample volumes of 250 ml 
were filtered through acid washed membrane filters of pore 
size 0.45 ~m (Millipore). The 5 filtered samples, 5 
unfiltered samples (250 ml), 1 analytical blank (250 mls of 
filtered de-ionised water), and 1 reference sample were 
transferred to acid washed 500 ml round bottomed flasks, 
frozen, and freeze dried. 
The reference sample analysed with each batch 
consisted of either a Chemaqua water reference (Mattingley, 
1988, and pers comm.) or a diluted solution of digested 
sediment reference SD-N-1 (IAEA, 1988). The heavy metals in 
SD-N-1 were extracted by boiling O.lg of sediment in 4M 
HN03 for 30 minutes. The extract was not filtered to 
include suspended sediment comparable to the total water 
samples. 
Filter papers were retained after filtering, dried, 
desiccated again for 12 hours, and re-weighed to measure 
the quantity of suspended matter in each sample. 
During freeze drying samples slowly sublimed, over 2 
days, until all the water disappeared. When freeze drying 
was complete, the flasks were transferred to the Clean 
Room, where the residues were taken up in 25 mls of hot 
Table. 4.12 Results of Chemaqua Water Samples (ng/ml) 
(Round) Pb Cu Ni Cr Zn Mn Fe 
Sample (Graphite Furnace AAS) (Flame AAS) 
i1.ll 
26 8.0 6.0 UO 2.0 78.7 9.02 10.3 
M26 UO 10.0 UO <40 90 16 21 
27 366 335 383 2.0 301 1.5 9.5 
M27 370 330 420 <4 300 5.0 30 
(14) 
28 0.7 0.1 UO 0.10 3.42 3.01 94.2 
M28 0.99 1.8 <1 0.11 2.94 3.7 104 
29 2.0 3.0 UO 0.05 30.1 40.3 370 
M29 3.6 3.3 <3 0.87 30.1 60.1 533 
M26; Interlaboratory mean for sample 26, Round 13 
(Mattingley, 1988) . 
UO; undetectable. 
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(80°C) 4M Aristar nitric acid and left (for approximately 
1 hour) to cool to room temperature (20 to 25°C) before 
being frozen prior to analysis. Suspended matter 
concentrations ranged from 2 to 40 mg total in each sample, 
hence the hot acid was considered adequate to extract the 
metals from the suspended sediments into the water. This 
was considered comparable to the SD-N-1 extraction of the 
reference sediment above. 
The final solutions were analysed for Pb, Cu, Ni, and 
Cr by Graphite Furnace Atomic Absorption Spectroscopy 
(GFAAS), using aqueous calibration, peak area mode, and 
continuum source background correction. Tables 4.10, 11, 
and 12 present the detection limits, SD-N-1, and Chemaqua 
results respectively. Iron, Mn, and Zn were analysed by 
Flame AAS. 
Rainfall data were obtained from the Christchurch 
meteorological office. High or low rainfall may affect the 
quantity of water in each system, and hence may dilute or 
preconcentrate heavy metals in the water systems. 
Consequently rainfall data is averaged for a three day 
period prior to sampling (including the day of sampling). 
The Dissolved Phase was taken as the water that passed 
through the 0.45Mm filter paper. The total water was the 
unfiltered water sample. Metal concentrations in the 
suspended sediment were calculated by subtracting metal 
concentrations in the dissolved phase from the total water 
and correcting to the volume of water and weight of 
suspended sediment in the respective sample. 
Generally precision was excellent with errors of the 
means around 10% (Cu 10.1%, Pb 9.4%, Cr 8.1%, Ni 21.6%, Zn 
9.9%, Mn 11.9%, and Fe 14.1%). The accuracy was over 94% 
for Cu, Pb, and Ni, whereas the accuracy was around 86% for 
Fe and Cr and 78% for Mn (Table 4.11). Iron, Cr, and Mn 
recoveries could probably be improved by using the 
technique of standard additions. 
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4.10 SEASONAL DISTRIBUTIONS OF HEAVY METALS IN TOTAL AND 
DISSOLVED WATER, AND SUSPENDED SEDIMENTS 
All raw data from the water study are tabulated in 
Appendix 3.4. The pH averaged 7-7.6 at all sites. Eh values 
were also fairly consistent (0.12-0 .16V), but increased 
slightly from September to February 1989 at most sites 
(Table A3.10 to A3.14). As expected water temperature is 
higher in summer (November to February) than winter (June 
to August). There appears to be no relationship between the 
environmental measurements (Eh, and pH) and rain fall 
around the time of sampling (compare Fig. 4.19a and b with 
4. 20a) . 
4.10.1 Heavy Metal Distributions in the Dissolved Phase 
Representative data for all metals in the dissolved 
phase at all sites are presented in Fig. 4.20b and 4.21 a 
and b (Raw data are tabulated in Appendix 3.4, Tables A3.15 
to A3.19.) In ponds 5 and 6 most metal concentrations were 
highest in winter (June to September) and were lowest in 
the summer months (November to March, Fig. 4.21b). The same 
distr ibutions were observed to a lesser extent in the 
rivers and drain. Metal distributions in the rivers (Fig. 
4.20b, and 4.21a) and drain also parallel the rain fall 
curve in Fig 4.20a. Kim (1990) studied Pb, Cd, and Zn in 
the dissolved phase of the Avon and Heathcote Rivers over 
the period July 1987 to June 1988, and found a high 
correlation between Zn and rainfall. 
The rise in dissolved metal concentrations during 
periods of high rainfall probably relates to surface runoff 
rich in metals from petrol emissions (Pb, Cu, Ni, Cr), 
gal vanised roofs (Zn), house paint (Zn), and stormwater 
piping (Cu, and Fe). The ponds would be less affected by 
such runoff because stormwater is channelled to the rivers 
and the city Outfall Drain. The most significant increases 
were observed for Pb and Zn in the city outfall Drain 
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during the high rainfall of February 1988 (3.4ng/ml Pb, and 
65ng/ml Zn) and November 1988 (7.20ng/ml Pb and 108ng/ml 
Zni Appendix 3.4, Table A3.17). 
The pattern of high dissolved metal concentrations in 
winter and low in summer may reflect an increase in 
atmospheric emissions in Christchurch during winter. In 
winter, conditions are commonly less windy than summer. 
During periods of calm weather a smoggy haze may cover the 
Christchurch area. The smog is caused principally by 1) the 
high proportion of wood and coal-burning fires, 2) 
generally stable air, and 3) the low inversion layer. 
Because Christchurch is flat a large number of residents 
cycle to work in the summer months. However, during the 
smoggy winter months many more residents travel in motor 
vehicles. Hence, the concentrations of all heavy metals 
emitted to the atmosphere rises in winter due to an 
increase in coal, wood, and petrol combustion. In addition, 
surface runoff should increase in winter because rainfall 
is higher than summer. However, this pattern was obscured 
by the considerable length of time between sampling (6 
weeks) . 
4.10.2 Heavy Metal and Suspended Matter Distributions in 
Total Water 
Figures 4.22 and 4.23 contain representative curves of 
total heavy metal and suspended matter concentrations 
observed in the water courses over the sampling period. 
Generally, the graphs indicate that the total heavy metal 
content in each water system is governed by the 
concentration of suspended matter present. The suspended 
matter in the ponds is green (due to algae), whereas that 
in the rivers and drain is brown (due to sediment and 
possibly Fe hydroxides). Figures 4. 22a and b show that 
total metal and suspended sediment concentrations are 
higher in the ponds in summer than winter, which reflects 
the high algae content of the ponds in summer. In fact 
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almost all of the suspended matter in the ponds is living 
algae (Dr. J.Robb, Biologist, Christchurch Drainage, pers 
comm.) . 
The total metal distributions in the Heathcote River, 
and city outfall Drain closely parallel the changes in 
rainfall (Fig. 4.23a). Figure 4.23b illustrates the high 
correlation between total Mn and suspended matter in the 
Avon River, which is highest in June 1989. 
4.10.3 Heavy Metal Distributions in Suspended Sediment 
Typically all suspended matter heavy metal 
concentrations (except Mn) peak in mid winter (June-July) 
1988, and 1989 (Figures 4.24 to 4.27). The high Pb levels 
at all sites in November 1988 most likely reflect greater 
stormwater runoff rich in street dust. The higher Fe 
concentration in the city outfall Drain in September 1988 
(Fig. 4.27b) may be caused by rust inside the upper reaches 
of the drain or an increase in Fe hydroxides precipitates. 
During the warmer spring and summer conditions, an increase 
in aquatic plant life probably causes an increase in 
dissolved oxygen concentrations in most water systems. Such 
conditions may enhance Fe and Mn hydroxide/oxide 
precipi tat ion . The slight increase in Eh of most water 
systems (especially the ponds) from September to February 
supports such a conclusion. 
Manganese suspended matter concentrations are highest 
in summer for all sites including the city outfall Drain 
(Fig. 4.27a). This pattern suggests that as water 
temperatures increases dissolved Mn is precipitated as Mn 
hydroxy compounds. As mentioned above this pattern may 
relate to an increase in oxygen content of the water 
systems associated with an increase in aquatic plants. The 
trough in the dissolved Mn curve of Pond 6 (Fig. 4. 21b) 
supports such behaviour. However dissolved Mn levels 
increase in the drain and Heathcote River during the 
summer, which may reflect metal preconcentration in the 
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generally lower summer water levels. 
The elevated Cr suspended matter concentrations in 
Pond 5 during November 1988 (Fig 4. 26b) suggests some 
sludge was collected in the sample. Bad weather conditions 
at the time may have stirred up the sludge in the bottom of 
the pond suspending it with the algae. 
4.11 HIERARCHIAL CLUSTER ANALYSIS OF HEAVY METALS IN THE 
SUSPENDED SEDIMENT 
Heavy metal relationships were examined in the 
suspended matter of all the water systems using the 
hierarchial clustering method of Massart and Kaufman 
(1983), which is outlined in Section 4.5. The results are 
presented in Fig. 4.28 (Similarity Matrices are tabulated 
in Appendix 3.4, Table A3.30). 
Generally the rivers, drain and ponds are similar in 
that Fe and Mn form one cluster, and Pb and Zn form another 
group with or without Cu or Cr depending on the water 
system. Iron and Mn are not significantly correlated with 
the Pb-Zn group at any of the sites (a=0.05). None of the 
clusters except Pb-Cr is significant at the 5% level in the 
city Outfall Drain, which reflects the small sample size 
(n=12) . 
In the bottom sediments Fe and Mn cluster separately 
(Fig 4.18), whereas in the suspended sediment they cluster 
together. This pattern probably relates to the differing 
chemical environments of the aerated surface waters versus 
the anaerobic bed of the estuary. Referring to Figs 1.3 and 
4.29 the environmental conditions (Eh 0.12 to 0.16V, and pH 
7 to 7.6) and dissolved Fe and Mn concentrations (20 to 500 
~g/l, Fe; 10 to 100 ~g/l, Mn; Tables A3.15 to A3.19) of all 
water systems favour Fe and Mn precipitation as hydroxy 
compounds. In addition, dissolved oxygen measurements at 
all sites are around 8 to 10ppm, which indicates aerated 
water conditions (Deely, 1987). The cluster groups observed 
suggest that these two metals have precipitated as 
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hydroxides on suspended matter and are perhaps incorporated 
into the algal tests during growth. 
The Eh and pH diagrams do not take into account the 
influence of ionic strength, solid and dissolved organic 
matter, and other inorganic phases. However, normally metal 
solubilities are controlled by adsorption-desorption 
equilibria and are below that predicted by Eh-ph diagrams 
(Davis, 1990 i Drever, 1982) . Hence, the highMn and Fe 
concentrations in the dissolved phases of all the waterways 
would shift the carbonate and hydroxide zones of the Eh-pH 
diagrams (Fig 4.29) to the left favouring precipitation as 
hydroxy compounds. This interpretation is also supported by 
significant Fe-Mn correlations found in the bottom 
sediments of the rivers and the drain by Anderson, 1985; 
Hay, 1988; and Hulse, 1983. In addition, these workers also 
found the Pb-Zn- (Cu) cluster, which was observed in the 
suspended and bottom sediments of this study. Al though 
these metals are common pollutants, this cluster probably 
reflects a natural chemical relationship between Zn, Pb, 
and Cu because it was also observed in the baseline 
sediments of this study (Fig 4.18). 
4.12 AN ESTIMATION OF HEAVY METAL AND SUSPENDED MATTER 
FLUXES TO THE AVON-HEATHCOTE ESTUARY 
4.12.1 Suspended Matter Fluxes 
The suspended sediment fluxes have been estimated for 
each water system using the following flow rates: Heathcote 
River 97,804m3/daYi Avon River 280,800m3 /daYi Pond 5 
(1/3)136,575m3/day; and Pond 6 (2/3)136,575m3/day 
(Christchurch Drainage Board, 1988i Knox and Kilner, 1973; 
Dr J. Robb, Christchurch Drainage, pers comm.) and the mean 
suspended matter concentrations found in this study (Table 
4.13). No data were available for the city Outfall Drain. 
It is assumed that the suspended load from the drain is an 
insignificant source of bottom sediment to the Avon-
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Table 4.13 
Heathcote Rr 
Avon Rr 
Pond 5 
Pond 6 
Mean Suspended Matter Concentrations and 
Fluxes to the Avon-Heathcote Estuary 
concentration 
(j.tg/g) 
61. 2±23 
11. 4±3 
84.2±24 
67.6±7 
Flux 
(g'jday) 
5,985,666 
3,201,120 
3,794,873 
6,039,347 
Flux 
(kg/year) 
2,184,768 
1,168,409 
1,385,129 
2,204,362 
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The results of the present study (Table 4.13) indicate 
that half the Avon-Heathcote Estuary's present sediment 
budget from terrestrial water sources is derived from the 
treated effluents of the Christchurch city council sewage 
ponds, whereas the other half is derived from the combined 
Avon and Heathcote Rivers. Analyses supplied to the author 
from the Drainage Board contain suspended matter 
concentrations ranging from 31 to 109 j.tg/g in Pond 5, and 
32 to 62 j.tg/g in Pond 6 (during 1988 and 1989), which is 
similar to the mean concentrations presented in Table 4.13. 
The majority of the suspended matter in the treatment 
ponds is living algae, with species varying depending on 
time of year and water temperatures (Dr. J. Robb, 
biologist, Christchurch Drainage). When the ponds discharge 
into the estuary many algae probably die due to the 
increased salinity. Even if during perfect weather 
conditions 80 to 90% of the effluent leaves the estuary 
during the outgoing tide, 10 to 20% of the effluent will be 
retained during two tidal cycles per day, which would cause 
a significant increase in the amount of organic matter 
deposited in the sediments. 
During east and southwest winds the effluent flows 
south along the western flats and is ponded in the 
Heathcote Basin (Fig. 2.3, section 2.1.2, Chapter). During 
such conditions the amount of effluent leaving the estuary 
would be reduced considerably. Hence, the dead algae (and 
other suspended sediment) probably settle and enrich the 
Table 4.14 Average Heavy Metal Concentrations in Suspended Matter 
Pb cu Ni Zn Mn Fe Cr 
/Lg/g /Lg/g /Lg/g /Lg/g /Lg/g % /Lg/g 
Heathcote 159.00 103.00 3.00 752.00 217.00 2.27 48.00 
Avon 136.00 136.00 12.00 622.00 323.00 2.70 69.00 
Drain 753.00 470.00 7.00 1888.00 825.00 5.20 47.00 
Pond 5 63.00 168.00 65.00 531.00 450.00 .34 362.00 
Pond 6 79.00 168.00 13.00 462.00 555.00 .29 352.00 
TS (Av) 33.20 22.95 30.75 100.95 189.00 4.56 72.50 
Errors; 20 to 50 %, a=0.05, TS (Av) average values for TS/1 and TS/3 
Table 4.15 Heavy Metal Concentrations in the Clay Fraction of Unit D Sediments 
Pb Cu Ni Zn Mn Fe Cr 
/Lg/g /Lg/g /Lg/g /Lg/g /Lg/g % /Lg/g 
Surface 
1a 189.00 96.00 72.10 540.00 340.00 6.59 196.00 
2a 52.00 60.00 30.00 130.00 180.00 4.90 80.00 
3a 28.50 56.10 55.70 340.00 190.00 4.54 194.00 
5 92.00 74.40 61.00 303.00 297.00 4.00 118.00 
6 140.00 124.00 33.20 462.00 290.00 5.10 182.00 
RH2* 244.00 62.70 42.90 528.00 1120.00 7.57 202.00 
Average values for whole depth of Unit D 
1a 153.00 67.60 63.90 430.00 279.00 5.95 199.00 
2a 50.10 63.90 28.90 126.00 186.00 4.40 73.50 
3a 60.30 52.00 49.90 341.00 212.00 5.00 179.00 
5 92.00 74.40 61.00 303.00 297.00 4.02 118.00 
6 143.00 104.00 40.10 490.00 279.00 5.33 180.00 
RH2 150.00 67.80 48.50 406.00 1345.00 8.73 189.00 
* Data from Hay (1988); errors are 10-20% of the mean values , 
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organic detritus in the Heathcote Basin. 
The results of this study suggest that the treatment 
ponds are supplying high concentrations of organic matter 
in the form of dead algae to the estuary. Such high levels 
of organic matter (combined with Nand P compounds in the 
effluents) are most likely largely responsible for the 
anaerobic conditions which predominate in most areas of the 
estuary. These results support the findings of previous 
studies such as Knox and Kilner (1973), which show that the 
estuary is in a state of eutrophication brought about by 
the pond effluents. 
4.12.2 Mean Heavy Metal Concentrations in suspended 
Sediment 
Table 4.14 presents the mean heavy metal 
concentrations in the suspended sediment of the different 
water systems and the background values estimated from the 
clay fraction of Travis Swamp. For comparison the heavy 
metal concentrations in unit D clay are given in Table 
4.15. It is assumed that the suspended sediment is in the 
grain size range <4J.1.m and that the proportion of metal 
extracted from the suspended sediment is similar to that 
extracted from the bottom sediments (based on the excellent 
SD-N-l metal recoveries from both studies). Due to the high 
errors (caused by seasonal variation) enrichment 
calculations were not undertaken. 
Despi te the high errors, a few useful trends are 
apparent. Firstly the city outfall Drain is significantly 
elevated in Pb, Cu, Zn, Mn, and Fe relative to the other 
water systems. Secondly the suspended matter of the sewage 
ponds is enriched in Cr, and low in Pb, and Fe relative to 
the drain and rivers. None of the waterways is enriched in 
Ni. 
All systems are enriched in CU and Zn relative to the 
Travis Swamp (TS (Av)). Lead is predictably high in the 
drain and rivers, whereas Cr does not appear to be enriched 
Table 4.16 Average Heavy Metal Concentrations in the Dissolved Phase 
Pb cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
Heathcote .18 1.33 1.88 . 31.20 32.40 40.70 1.38 
Avon .97 .81 0.00 8.95 11.03 185.00 .28 
Drain 1.07 .88 .18 33.00 71.00 181.00 .52 
Pond 5 .61 6.50 29.80 15.70 31.90 120.00 10.10 
Pond 6 1.15 9.87 32.12 26.50 30.80 199.00 16.60 
Errors; 20 to 50 %, a=0.05 
Table 4.17 Baseline Dissolved Heavy Metal Data from New Zealand Rivers 
and New Zealand Water Quality Criteria 
BASELINE Pb Cu Ni Zn Mn Fe Cr 
WATER (NZ) ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
Waitekauri <.09 .25 .22 .90 .21 
Valley (1) 
Coromandal .50 .50 1.00 92-240 
Streams (2) 
Manuherikia .03 .15 .10 .15 
Valley (3) 
WATER QUALITY CRITERIA (4) 
Drinking 50.00 50.00 13.40 5000.00 50.00 
Water (NZ) 
Fish & 2-50 30.00 100.00 40-170 50.00 
Shellfish 
Ecosystem 25.00 4.00 7.10 58.00 18.00 
Protection 
(1) Kennedy et al., 1987; (2) Tunnicliff and Beaumont, 1986; 
(3) Ahlers and Hunter, 1989; (4) Smith, 1982 and 1986; Williams, 1985 
(based on US EPA standards, 1985; & NZ Board of Health standards, 1984) 
-, no data 
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in these water courses. The Fe content of the suspended 
sediments is about half that in the bottom sediments of the 
Avon-Heathcote Estuary. The increase in Fe going from the 
non-saline water systems to the estuary suggests that this 
metal is precipitated as hydroxy compounds during estuarine 
mixing. This conclusion is supported by low Fe 
concentrations in most Christchurch street dust (2.39%) and 
soil (2.0%). 
The higher concentrations of Pb, Zn, and Mn found in 
the suspended sediment of the drain and rivers is 
paralleled in unit D clay of cores AHE/1a, 6, and RH2 from 
the associated depositories. The Cr content (352 to 
362~g/g) in the suspended matter of the ponds is higher 
than in unit D sediments of core AHE/3a (194~g/g); this 
discrepancy could be due to dilution by the low Cr 
sediments of the estuary. 
The low Pb levels in the ponds are also found in unit 
D sediment of core AHE/3a. Hence, the predominant water 
currents flowing south from the ponds into the Heathcote 
Basin prevent stormwater from the drain affecting sediments 
on the western slopes. 
4.12.3 Mean Heavy Metal Concentrations in the Dissolved 
Phases of Each water System 
Generally the dissolved metal concentrations are 1000 
to 100,000 lower than in the suspended matter (Table 4.16 
versus 4.14). As for the suspended sediment data, errors 
are high as a result of seasonal variability. In the 
dissolved phase Cu, Ni, and Cr are significantly elevated 
in the ponds compared with other water systems. 
A comparison of the dissolved metal results of this 
study with the sparse baseline data available from New 
Zealand back country springs and rivers (Table 4.17) 
suggests that Zn levels are significantly enriched in all 
water systems. The high Cr, Cu, and Ni values in the ponds 
are also significant. 
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Elevated metal concentrations in ponds 5 and 6 are 
most likely influenced by the sewage sludge on the floor of 
the ponds (Table 4.1). 
The high Zn levels in the rivers and drain most likely 
reflect stormwater runoff containing Zn from roofing and 
paint pigments. The generally lower dissolved heavy metal 
content of the Avon River probably reflects the higher flow 
(and water volume) in this river relative to the other 
systems (Section 4.12.1). 
The low Pb levels in water of the rivers and drain (in 
contrast to high Pb concentrations in the corresponding 
suspended sediment) supports the conclusion that most 
anthropogenic Pb in the estuary and associated water 
systems is derived from street dust. 
Local baseline data on Fe and Mn levels in water was 
not obtained. Hem (1989) states that typical Fe and Mn 
concentrations in aerated river waters at normal pH ranges 
are around long/ml and 1000ng/ml respectively. However, 
these concentrations vary considerably because many Fe and 
Mn inorganic and organic colloids pass through o. 45J.Lm 
filters. The high Fe levels in water of this study indicate 
that some colloidal Fe species are present. 
The dissolved concentrations of most metals are below 
New Zealand's requirements for safe human consumption of 
water and shellfish (compare Tables 4.16 and 4.17). However 
Cu, Ni, and Cr levels in the ponds and Zn levels in all the 
waterways are fairly close to the maximum levels 
recommended to protect natural ecosystems. 
4.13 CONCLUSION: HEAVY METALS IN SUSPENDED MATTER AND 
WATER OF THE NON-SALINE WATER COURSES ENTERING THE 
AVON-HEATHCOTE ESTUARY 
The suspended matter and water (dissolved phase) of 
the sewage ponds are high in Cr, Zn, and Cu. These metals 
are most likely derived from the sewage sludge. In addition 
the dissolved phase of the ponds is also high in Ni, which 
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is not affecting sediments in the estuary. The combination 
of slowly increasing effluent discharge and high metal and 
suspended matter concentrations suggests that the ponds are 
the source of the rising Cr, CU and Zn concentrations in 
unit D sediments of Cores AHEjla, 3a (and b), and 6, as 
well as organic matter in unit D of all cores. 
The very high Pb, Cu, Zn, Mn, and Fe, in the 
suspended sediment of the city outfall Drain indicates that 
this drain is a source of these metals to the sediments in 
the Heathcote Basin. This conclusion is supported by the 
rising metal levels from the base of unit D towards the 
surface in cores RH2 and AHEjla. Iron and Manganese are 
probably preconcentrated in the drain sediments as 
authigenic oxyhydrates. 
The high Zn levels in the dissolved phase of all water 
systems are probably due to stormwater containing Zn washed 
from galvanised roofs, house paint (rivers and drain) and 
sewage sludge (ponds). The very high Zn levels in the 
bottom sediments of the city outfall Drain (2080j1.gjg) 
relative to Christchurch street Dust and soils (135 to 
850j1.gjg) suggests that dissolved Zn is rapidly adsorbed 
onto sediments as it enters the drain. 
The low Pb levels in the pond suspended matter and 
unit D sediment of cores AHEj3a and b indicate that the 
influence of the drain is localised to the Heathcote Basin 
and provides further evidence that wind induced water 
circulation patterns in the estuary are causing localised 
enrichment in the Heathcote Basin. 
The increase in dissolved and suspended matter metal 
concentrations in the ponds during winter probably reflect 
the drop in algae and increase in atmospheric emissions of 
most metals associated with cold weather. 
The parallel behaviour of heavy metals and rainfall 
in both the suspended and dissolved phases of the rivers 
and drain suggests that the principal present day source of 
metals to these water courses is stormwater runoff. The 
general metal increase in the waters during winter also 
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supports a stormwater origin for most metals. Generally in 
winter, coal and petrol combustion increases in 
Christchurch. Hence, stormwater will be richer in most 
metals over the winter period. other supporting evidence 
comes from the high metal levels in the Christchurch street 
dust (such as 10700J.Lg/g of Pb at Riccarton Road) and 
present day bottom sediments of the city Outfall Drain 
(3296J.Lg/g Pb) and both the Avon and Heathcote Rivers. The 
high Pb levels in Christchurch street dust and some soils 
suggests that petrol combustion is having a significant 
affect on most sediments in the Christchurch metropolitan 
area including the estuary. The Pb concentrations in river 
and drain suspended matter are probably also influenced by 
occasional industrial contamination. 
The cluster analyses of the suspended and bottom 
sediments suggests that Fe and Mn are transported as 
hydroxy compounds in most water systems, with minor 
association with the other heavy metals. The Pb-Zn cluster 
is found in all bottom sediment grain sizes and all 
suspended sediments, which indicates a strong relationship 
between these two metals regardless of source 
(anthropogenic or lithogenic). 
Although organic matter was not studied in the water 
systems, it seems probable that most of the 
anthropogenically-derived heavy metals are transported 
attached to organic matter (colloidal and solid) in the 
water systems. Solid organic matter is probably attached to 
the suspended sediment. 
The non grouping between Fe, Mn, and organic matter in 
the bottom sediments (Fig. 4.18) suggests chemical 
transformations occurring during estuarine mixing include 
1) coagulation of organic matter with metal desorption, and 
2) Fe hydroxy precipitation with little or no metal 
adsorption. Other data that suggest Fe hydroxide 
precipitation during estuarine mixing include 1) the higher 
Fe concentrations in the clay fractions of the bottom 
sediments compared with suspended sediment and Christchurch 
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soils and street dust (Tables 4.1, 4.14 and 4.15), 2) the 
presence of red crusty goethite type matter in the sand 
fractions, and 3) observations by Millward (1975) of high 
Fe oxide levels in the muddiest areas of the estuary 
(possibly near the turbidity maxima) . 
Manganese levels are not significantly different 
between the suspended and bottom sediments. However, the 
bottom sediments show more significant Mn-heavy metal 
correlations than the sediments of the non-saline water 
systems (suspended and bottom). This result suggests that 
somewhere in the estuarine mixing and sediment deposition 
process Mn oxides / sulphides have adsorbed heavy metals. 
Bottom sediments are strongly anaerobic, hence Fe and Mn 
phases are more likely to be sulphides than oxides. 
Manganese oxides precipitated during estuarine mixing may 
adsorb metals released from organic matter during 
coagulation and flocculation. Alternatively, heavy metals 
may be adsorbed on Mn compounds after deposition. Soon 
after mixing sediments are deposited on the bed of the 
estuary where they enter a reducing environment. Under 
these conditions oxides and hydroxides are dissolved and 
sulphide compounds are formed. Hence, metals may be 
adsorbed onto Mn phases after deposition. 
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CHAPTER 5 
A SYNTHESIS OF CHANGES IN SEDIMENT AND HEAVY METALS 
THROUGHOUT THE HISTORY OF THE AVON-HEATHCOTE ESTUARY 
The following chapter synthesises conclusions from the 
historical, geological and heavy metal investigations 
presented in Chapters 2, 3, and 4 of this thesis. 
The discussion of the Avon-Heathcote Estuary is 
divided into five main historical periods: 1) pre-1850 
A.D., 2) 1850 to 1925, 3) 1925 to around 1950, 4) 1950 to 
1972, and 5) 1972 until 1990. 
5.1 PRE-1850 
About 2000 years ago the east coast was 1-2km inland 
of its present position. A shallow protected bay 
(containing unit T4 as the bottom sediment) existed at the 
position of the Travis Swamp. At the time the Avon River 
discharged from the north into the bay. As the bay 
prograded southeastwards an estuary formed near the head of 
the bay. Sediment units, B', T2, and T3 were laid down 
inside the estuary, whereas unit A' accumulated inside the 
inlet and along the coast. At about the same time, the 
Heathcote River discharged into the sea south west of the 
Heathcote Basin (Fig 3.11). The area of the Avon-Heathcote 
Estuary was probably occupied by shallow coastal waters, 
where unit A formed the bottom sediment. 
Polynesian activity which caused large scale burning 
and deforestation of the Canterbury plains, between 500-700 
years B.P., may have started the major Ohuan dune-building 
phase around 500 years B. P. Erosion resulted in large 
quantities of sediment entering the major rivers (including 
the Ashley, and Waimakariri). The east coast prograded as 
the sediment accumulated. Swamps replaced estuaries (Travis 
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Swamp), and estuaries migrated seaward replacing shallow 
coastal waters (Avon-Heathcote and Saltwater Creek 
Estuaries) . 
The Avon-Heathcote Estuary probably formed as sediment 
supplied to the coast by the Waimakariri River drifted 
southward with long-shore currents. Growth of the South 
Brighton spit would have gradually swamped the Avon River 
forming the Travis Swamp (Unit T1). When the spit reached 
Banks Peninsula growth would have ceased, ponding the Avon 
and Heathcote Rivers together in the Avon-Heathcote 
Estuary. The sharp contact between units A and B and the 
uniform character of unit B sediment suggests that this 
transition was fairly rapid and that the estuary was stable 
from 450 years B.P. until the arrival of the European 
settlers in 1850 A.D. 
During the pre-European period heavy metal levels were a 
natural baseline unaffected by Polynesian activity. 
5.2 1850 TO 1925 
5.2.1 Changes in Sedimentation 
When the European settlers arrived in 1850 AD the bed 
of the Avon-Heathcote Estuary consisted of unit B muddy 
sand, which was accumulating at a slow rate around 0.15cm 
per year. The Christchurch area consisted largely of swampy 
terrain interspersed with sand dunes. Both the Avon and 
Heathcote rivers meandered across the swampy areas. The 
river channels were 7 to 10 metres deep in most places, and 
formed wide meanders with several large loops as they 
traversed the estuary. 
The laying of 7 stormwater drains, 3 to each river and 
1 to the estuary between 1875 and 1880 lowered the 
Christchurch water table and caused a major silting period 
in the Avon and Heathcote rivers. siltation was enhanced by 
the low water gradients, combined with prolific growth of 
introduced plants, such as willows and watercress in the 
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river beds. Silting also affected the City Outfall Drain. 
The silt washed into the drain and rivers consisted of Late 
Pleistocene loess, which flanks the north west side of 
Banks Peninsula, and forms most of the dunes and swamps of 
Christchurch (such as the Travis Swamp). 
Some silt may have reached the estuary during this 
period. However, the early period of settlement from 1850 
to 1925 had little affect on sedimentation in the Avon-
heathcote Estuary which is evident from the uniform grain 
size distributions and low sedimentation rates (0.27cm per 
year) of unit B sediment. 
The construction of the Tram Causeway across 
McCormacks Bay in 1907 resulted in the erosion of Skylark 
Island and changes in the positions of the channels in 
Moncks Bay. The increased supply of sediment to the mouth 
of the estuary caused changes in the inlet and spit 
configuration around 1920. 
5.2.2 Changes in Heavy Metals 
Many industries developed in the Woolston area between 
1860 and 1880. Widespread coal burning by domestic and 
industrial users created a smoggy atmosphere, particularly 
in Woolston and Sydenham. Because early urban activities in 
Christchurch caused only a minor increase in sedimentation 
rates in the Avon-Heathcote Estuary (0.15 to 0.27cm/year) 
this period can be identified by a black sooty layer rich 
in coal, coke, and ash particles. Coal burning debris 
entered the estuary via the rivers and city Outfall Drain. 
The Heathcote River was rapidly silting at the same 
time that it was being contaminated with industrial wastes. 
Runoff from market gardens, developed in the Heathcote 
Valley between 1912-14, intensified silting and possibly 
diluted some of the pollutants deposited in the river 
during this period. While the heavier sediment accumulated 
in the rivers the lighter coal and ash particles were 
carried into the estuary. Ash particles would also have 
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reached the estuary through airborne emissions. 
During the major "iron working" period between 1880 
and 1925 high concentrations of heavy metals and organic 
matter accumulated in sediment near the top of unit B. Most 
metals (Pb, Cu, Ni, Zn, and Cr) were derived from 
industries along the Heathcote River and stormwater runoff 
(from the rivers and the city outfall Drain) . 
The high Fe and Mn concentrations in sediments of the 
early period may relate to Fe and Mn sulphide 
precipitation. These deposits may also contribute to the 
black colour of the sediment. The high organic matter 
levels probably caused the 
anaerobic conditions necessary for sulphide precipitation. 
(Coal combustion and Fe industries were also a source of Fe 
and Mn, but emissions were probably not high enough to 
account for the level of enrichment observed in the 
sediments. ) 
5.3 1925 TO 1950-60 
5.3.1 Changes in Sedimentation 
Most of the silt deposited in the Avon and Heathcote 
Rivers from 1880 to 1925 was swept into the estuary by a 
mechanical river sweeper, between 1925 and 1950. During 
this period the silt supply to the rivers increased as a 
result of large scale stormwater drain laying to the outer 
suburbs of Christchurch City. Hence, it was necessary to 
continuously clear the rivers on and off for 30 years, 
until most of Christchurch's surface was paved. 
As unit C accumulated, the estuary bed changed from 
predominately sand and sandy mud to almost entirely mud. 
The rapid deposition of unit C (6-12cm per year) caused the 
disappearance of the eelgrass Zostera and possibly other 
flora and fauna. Contemporaneously, the estuary received a 
continuous release of untreated wastes from 5 septic tanks 
along the southern shores of the estuary, a starch factory 
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in the Humphreys Drive area, and industries along the banks 
of the Heathcote River, as well as the partially treated 
wastes of the CDB treatment plant. The combined affect of 
rapidly accumulating fine grained substrate, and widespread 
discharge of organic and nutrient rich effluents lead to 
pockets of organically polluted sediment adjacent to the 
outfalls. These areas included 1) the Heathcote and Avon 
depositories, 2) areas adjacent to the Ferrymead, st 
Andrews Hill, Mt Pleasant, and Redcliffs septic tank 
outfalls, and 3) the western slopes. Euglena, and sewage 
fungus numbers were high in these areas and shellfish 
virtually disappeared. The increase in nutrients and 
organic matter, and fine grained sediment deposited during 
this period caused eutrophication of the estuary. Hence, 
new forms of organic life flourished in areas away from the 
contaminated zones and bioturbation was intense. In 
addition, due to an increase in organic detritus the 
sediment was anaerobic in many parts of the estuary. 
It is unclear from the historical and geological 
evidence presented, exactly when unit C deposition ceased, 
but it was sometime between the late 1940' s and early 
1960's and may have varied from area to area. There is no 
evidence of widespread erosion over a long period. However, 
one would expect considerable re-working and redistribution 
of sediment as a result of the intense bioturbation. The 
evidence suggests that erosion was principally confined to 
the perimeter of the estuary and the edges of the river 
channels, where no Zostera plants were present to bind the 
sediment together. The ever increasing tidal compartment, 
caused by runoff from the CDB treatment plant and upgrading 
of stormwater facilities in Christchurch, is responsible 
for the erosion around the perimeter of the estuary. 
5.3.2 Changes in Heavy Metals 
During this period many early industries died out, but 
the pollution of the Heathcote River remained severe. 
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Despite the large quantities of industrial and 
domestic waste discharged into the estuary system between 
1925 and 1950, the heavy metal and organic matter 
concentrations in unit C are not significantly elevated 
relative to baseline concentrations. A combination of rapid 
sedimentation rate and higher clay and silt content diluted 
the effects of contamination. 
5.4 1950 TO 1972 
5.4.1 Changes in Sedimentation 
The combination of 1) the stabilisation of the spit, 
2) recolonisation of the zostera plants along the edges of 
channels, and 3) reduced sedimentation rates (around 0.5cm 
per year) indicates that the estuary stabilised between 
1950 and 1972. Muddy sand similar to unit B (Unit D) 
accumulated. 
5.4.2 Changes in Heavy Metals 
The sudden decrease in sedimentation rate resulted in 
heavy metal and organic matter concentrations increasing 
rapidly from the base of unit D until a point which 
corresponds with the early 1970's. Christchurch had an 
unexpected population growth between 1950 and 1960, which 
resulted in the number of sewer connections tripling. 
Hence, the quantity of effluent discharged from the CDB 
Treatment Plant grew, which contributed to the increase in 
organic matter levels in the sediment. However, most 
effluents have not had much effect on the eastern shores 
since 1950. 
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5.5 1972 UNTIL 1990 
5.5.1 Changes in Sedimentation 
Today unit D is slowly accumulating (around 
O.Scm/year) in most areas of the estuary. The anaerobic 
conditions of the estuary bed are being maintained by 1) 
the large quantity of effluent discharged from the 
treatment plant, 2) organic matter decay in the sediments, 
and 3) remobilisation of nutrients from sediments deposited 
before 1972. 
5.5.2 Changes in Heavy Metals 
Between 1968 and 1972 the starch factory in Humphreys 
Drive closed down and all the industrial and domestic 
effluents discharging into the estuary and Heathcote River 
were diverted to the Christchurch Drainage Board Treatment 
Plant. The sudden removal of over 10 million litres per day 
of untreated wastes resulted in a dramatic drop in metal 
concentrations in sediments deposited in the estuary 
shortly after 1972. 
Even though, in 1973, the treatment plant ceased 
discharging effluent into the estuary during the incoming 
tide, the quantity of effluent and suspended sediment 
(predominately algae) discharged from the ponds has slowly 
increased. consequently, sediment organic matter levels 
have continued to rise throughout the estuary. 
The Cr, Cu, and Zn concentrations in sediments on the 
western slopes and the Avon depository are slowly rising 
due to the treatment plant effluent. 
The Heathcote Basin is the major sink for heavy metals 
and organic matter in the Avon-Heathcote Estuary. 
Stormwater high in Pb, and Zn entering the estuary via the 
Heathcote River and city Outfall Drain is ponded in the 
Heathcote Basin during most incoming tides. In addition, 
the predominant tidal currents push the Avon River south 
199 
across the western shores forcing the effluents from the 
ponds and the Avon River water into the Heathcote Basin to 
be ponded with waters from the City Outfall Drain and 
Heathcote River. Such conditions are enriching sediments in 
the Heathcote Basin in all metals and organic matter. 
Consequently, the Heathcote Basin could be a potential 
source of heavy metals to overlying waters during stormy 
periods. In contrast the eastern shores are not receiving 
significant quantities of metals from any source. However, 
eutrophication is affecting organic matter levels 
throughout the estuary. 
Elevated metal levels in front of the old Mt Pleasant 
drain may be due to a thermal spring in the area. 
Zinc and Pb are the most significantly enriched metals 
in sediments at the head of the estuary. Street dust 
containing Pb from petrol emissions is the predominant 
source of Pb to the estuary. Zinc is derived from 1) 
stormwater runoff containing Zn from galvanised roofing and 
zinc oxide house paints, and 2) the sewage effluents. 
As tetraethyl leaded petrol is slowly replaced by 
unleaded petrol in the next few years the lead levels 
should dramatically drop in sediment of the Avon-Heathcote 
Estuary. Zinc and organic matter levels will probably not 
decrease because galvanised Fe is still a major building 
material and the quantity of effluent discharged from the 
treatment ponds seems to be slowly rising. 
Generally Ni, Fe and Mn are not significantly enriched 
in sediments currently being deposited in the estuary 
except near the city Outfall Drain. High Fe and Mn 
concentrations in this area are most likely caused by 
precipitation and concentration of these metals in 
sulphides. 
Further research would be useful to establish any 
heavy metal contamination in the Moncks and McCormacks Bay 
areas and to monitor changes in metal and organic matter 
levels in the estuary bed over the next 10 years. 
5.6 POSSIBLE METAL PHASE RELATIONSHIPS IN THE 
AVON-HEATHCOTE ESTUARY 
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Most Fe and Mn probably enter the estuary as hydroxy 
compounds in the aerated water from the rivers, drain and 
ponds. Other heavy metals most likely enter the estuary 
primarily associated with clay mineral phases, organic 
matter, and adsorbed onto FejMn hydroxy compounds. 
During estuarine mixing the rising pH and salinity 
cause dissolved Fe to precipitate as hydroxides in 
turbidity maxima regions near the head of the estuary. 
Flocculation and coagulation of organic colloids and solids 
may result in some metal desorption from these species. 
Manganese oxides may adsorb some metals desorbed from the 
organic matter. 
Once sediments are deposited they enter a reducing 
environment where organic matter decays depleting 
sediments, even at the surface in oxygen. Near the head of 
the estuary Fe and Mn sulphides, organic matter, and clay 
minerals are the main substrates available for metal 
attachment in the sediment. In the Avon-Heathcote Estuary, 
most metals are probably adsorbed or coprecipitated onto Mn 
sulphides, which themselves coat mineral (predominantly 
clay) surfaces. In unit B organic matter is also an 
important heavy metal substrate. In more recent sediments 
organic matter and Fe phases are less important than Mn 
phases for heavy metal attachment in the bottom sediments 
of the Avon-Heathcote Estuary. However, since 1950, Fe-
heavy-metal associations are more significant than earlier, 
which suggests that Fe phases are increasing in importance 
as heavy metal substrates. Such a change may be brought 
about by an increase in Fe sulphide precipitation in the 
sediments. The cause may be a combination of slow 
sedimentation rate, anaerobic conditions, and high levels 
of sulphide ions. 
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CHAPTER 6 
METHODS AND QUALITY CONTROL IN ANALYSIS OF SEDIMENT CORES 
6.1 INTRODUCTION 
6.1.1 Objectives of Analytical Work 
Heavy metals are analysed in sediments by measuring 
instrument signals relative to their concentrations in 
prepared solids and solutions. All signals possess 
background noise, which limits the lowest concentration 
that can be detected. The type of background noise depends 
on both the sensitivity and the instrument employed. All 
instruments have both natural and instrumental background 
component (Potts, 1987). The precision of signals depends 
on the following; counting statistics, signal to background 
ratio, instrumental noise, drift, and sensitivity. The 
closer the signal is to the background noise the poorer the 
precision (Gellender, 1982). The degree of accuracy 
obtainable hinges on interference effects which vary 
depending on instrumentation, and the chemical make-up of 
the sample. Before the heavy metals of interest are studied 
the accuracy and precision must be proven by analysing 
international reference materials, instrumental and 
analytical blanks, and checking day to day consistency. 
6.1.2 Accuracy and Precision 
There are two main categories of errors 1) determinate 
(systematic) and 2) indeterminate (random). Determinate 
errors are related to precision and arise from methodic, 
operative, and instrumental sources. Analysts are subject 
to systematic bias, such as reading a scale. To guard 
against such bias, analysts should carefully monitor 
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technique performance by analysing as many reference 
materials as possible. 
Indeterminate errors are related to accuracy and are 
an inherent part of sample preparation and instrumentation 
and cannot be eliminated. In instruments, sources include 
electronic noise, random emission of X-rays, and flame 
flicker. An estimate of these errors can be made by 
repetitive measurement of the same sample. 
Errors related to precision are expressed in terms of 
standard deviations, average deviations, coefficient of 
variations, and ranges. These parameters disclose the 
amount of agreement amongst a group of results but implies 
nothing about their relationship to the true value. 
Accuracy is quantified using international reference 
materials and is expressed by absolute and relative errors, 
and percentage yields. 
6.1.3 contamination 
contamination is a serious problem in trace analysis, 
particulary at analyte concentrations below 1 part per 
million (ppm). Trace metal results reported prior to 1980 
were consistently a factor of 10 to 100 higher than 
reported in recent years, due to poor contamination control 
(Gellender,1982). The wide circulation of certified 
reference materials in the last decade has revealed the 
earlier contamination problems. Analysts now assess 
contamination routinely by analysing blank solutions and 
reference materials with every batch of samples. 
The main sources of contamination in trace analysis 
include 1) equipment (sampling and analytical), 2) 
laboratory environment, and 3) analytical reagents. 
Examples of these three categories include sieving and 
grinding equipment, metal sample implements, leachates from 
container walls, dust, sweat, flaking paint, and exhaust 
fumes. If the total mass of element being analysed is less 
than 10-100 Mg, dust fallout from the laboratory 
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environment is a serious problem (Potts, 1987). In such 
circumstances the blank is the limiting factor to 
successful analysis. 
Consideration should also be given to the possibility 
that trace elements may be lost at any stage of the 
analytical procedure. If trace metals solutions are not 
stored in an acid environment then metals may be adsorbed 
by the container walls in less than 12 hours. container 
adsorption is particulary serious when dealing with 
solutions containing concentrations below 1 ppm. 
6.1.4 Detection Limits 
The detection limit is related to the confidence that 
may be placed on distinguishing a signal from the 
background measurement (Potts, 1987). Irrespective of 
technique, quantitative data cannot be obtained within 3 
standard deviations of the analytical blank. Therefore it 
is imperative that analysts estimate detection limits prior 
to assessing the precision. 
6.1.5 Reference Materials 
Reference materials are analysed by many laboratories 
using a wide variety of methods. Consequently the true 
value is often a consensus estimate from quite separate 
data. The uncertainty quoted for the true value should 
almost always exceed the precision obtainable by an 
individual technique. Therefore to be sure of obtaining 
good accuracy analysts should measure as many reference 
materials as possible (Ellis and Steel, 1982, Potts, 1987). 
The main function of the primary reference material is 
to determine accuracy. The primary reference sediments 
chosen should be as close as possible to the real sample in 
1) the nature of the matrix and 2) the concentration of the 
metals. Frequently, such reference materials are limited in 
quantity and not always an ideal match to the samples under 
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investigation. Therefore, it is often necessary for 
analysts to prepare their own secondary references, in 
addition to the primary certified reference material. 
Secondary references consist of one or two of the 
analyst's own samples which are analysed as unknowns with 
each batch of samples. Study of secondary references allows 
analysts to identify calibration drift from batch to batch 
throughout the entire span of a project and hence calculate 
realistic analytical precision. 
6.1.6 Instrumentation 
Despite the many important advances in trace element 
analysis there is still no readily available technique 
superior to all others for determining the majority of 
elements (Florence, 1988). 
Techniques tend to fall in two categories 1) automated 
multi-element techniques with high precision that are 
expensive and complicated, and 2) inexpensive simple easy 
to use techniques with single element analysis that are not 
so easily automated. X-ray Fluorescence Spectrometry (XRF) 
and Flame Atomic Absorption Spectroscopy (FAAS) , from 
categories 1) and 2) respectively, are amongst the most 
widely used techniques for analysis of the major and trace 
elements as a group (Govindaraju, 1984). Both methods were 
available for this study. The majority of heavy metal 
sediment analyses were carried out using FAAS because 1) 
the detection limits are lower than XRF (Table 6.1), and 2) 
small sample weights are required. Many samples, 
particulary in the clay grain size weighed less than 19, 
which is too small for accurate detection by XRF. 
Table 6.1 Detection Limits for XRF and FAAS 
Cr 
J1,g/g 
XRF 10 
FAAS 6 
Cu 
J1,g/g 
6 
1 
Fe 
J1,g/g 
10 
3 
Mn 
J1,g/g 
13 
1.2 
Ni 
J1,g/g 
6 
3 
Pb 
J1,g/g 
6 
1 
Zn 
J1,g/g . 
9 
8 
Core Collection 
Grain 
~~~ T 
Tf=J 
~--T 
Mineral 
analysis 
~~~ 9 
T---'-I--T 
Heavy metal 
analysis 
T 
Total 
(T) 
T 
Shell 
matter 
I C14 a~alysis 
T--....., 
Pollen 
analysis 
r-----T-------. 
210p b analysis 
Fig. 6.1 stages of bottom sediment sample handling. 
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X-Ray Fluorescence Spectroscopy was used as a cross 
check on the accuracy of FAAS. 
6.2 CONTAMINATION CONTROL DURING SAMPLE HANDLING 
The flow diagram in Fig. 6.1 shows the stages of sample 
handling. All equipment used in core collection, 
subsampling, and analysis was cleaned prior to use by the 
method outlined in Fig. 6.2. No metal objects were employed 
at any stage of sample handling. All equipment was stored 
in plastic lined cupboards. Hence, contamination from 
equipment was kept to a minimum. Although laboratory 
surfaces were covered with plastic, which was cleaned 
daily, some minimal contamination from dust would have been 
unavoidable. Slight contamination by reagents is also 
unavoidable but is limited to the levels governed by 
AnalaR (AR) grade chemicals and is insignificant as far as 
the study of bottom sediments is concerned. 
6.2.1 Experiments Monitoring contamination 
During Grain Size Separation 
Grain size separation involves 1) sieving samples 
through 63~m nylon sieves to separate sand and mud and 2) 
separating mud into silt (4-63~m) and clay «4~m) fractions 
by settling in columns. Refer to Chapter 3 (Fig. 3.16) for 
details of the technique. 
The separation of the sand and mud by sieving 
required about 20 minutes of time and all sieving materials 
had been pre-washed by the method outlined in Fig 6.2. 
Thompson and Bankton (1970) examined contamination using 
sieving apparatus and found insignificant contamination 
after sieving samples through nylon mesh. 
Column separations of mud fractions consumed over 6 
litres of double distilled water and 500ml of saturated 
NaCI solution per sample. A batch of 10 samples required 4 
to 6 weeks to separate. The risk of contamination was 
Wash in hot soapy water 
(all equipment) 
r----------T------------~ 
Rinse in·double 
distilled water (DDW) 
So 
2M 
T--T 
ak in freshly prepared 
HN03 (1-2 days) 
I 
T 
Rinse with DDW and dry 
if necessary. 
T 
After use, rinse 
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Fig. 6.2 Procedure used to clean equipment in 
this study. 
Bulk samples Ai and A2 
from core AHE/ia 
(Unit A) 
I 
y 
Sub-samples are 
powered. (P) 
.-------y--------~ 
Powdered sub-
samples are 
washed (PW) 
I 
r--------y------~ 
Samples 
unalter 
remain 
ed (U) 
Samples 
Ai A2 
I------------~ U U 
L-___ ~ P P 
r-------y------~ 
Unpowdered sub-
samples are 
washed (UW) 
IL-__________ ~ UW 
~------------------~I------------------~ PW 
UW 
PW 
r-----y--------, 
Washings are 
flocculated 
with NaCl (PF) 
~------y--------~ 
Washings are 
flocculated NaCl 
spiked with ippm 
metals (PFS) 
IL-_______________ ~ PFS PFS 
L-______________________________________ ~ PF PF 
Fig. 6.3 Procedure of Grain Size separation contamina.tion 
Test 1. 
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considered high during this period. Hence, it was necessary 
to undertake experiments to see where potential metal gain 
and loss lies in this process. Two separate tests were 
designed. Test 1 involved an attempt to contaminate 
sediment under controlled conditions. Test 2 involved 
repeat separations of clay and silt samples to see if there 
is any difference in the heavy metal content between mud 
separations. 
6.2.1.1 Test 1 
Figure 6.3 helps to explain the procedure of Test 1. 
Two sand sample fractions (Al and A2) from unit A of core 
AHE/la were each split into two subsamples. One subsample 
from each pair was subsequently powdered. The four 
subsamples were added to 1 litre columns and made up to the 
mark with double distilled water. Duplicate columns were 
set up for the powdered fractions. Each column contained 
about 20g of sediment. The six columns were stirred and 
left to stand for 4 hours after which the top 20cm 
containing the clay fraction, were siphoned off and poured 
into large beakers. Twenty mls of saturated NaCl solution 
were poured into each beaker and the solutions were left to 
flocculate. The salt solution added to 2 of the powdered 
separates was spiked with lppm Zn, Ni, Pb, Cu, and Fe. All 
the columns were siphoned 10 times to completely separate 
the coarser grains ( silt) from finer grains (clay). No 
flocculates were collected from the columns containing 
uncrushed fractions. The final flocculated solutions were 
centrifuged with repeated washings of distilled water to 
remove the salt. Once dry, all samples were 1) analysed for 
organic matter by weight loss on ignition, 2) digested in 
HF/HN03f and 3) analysed for Pb, Ni, Cu, Zn, Fe by FAAS. 
The final samples analysed were labelled U (uncrushed), UW 
(uncrushed and washed), P (powdered), PW (powdered and 
washed), PF (powdered, washed and flocculated), PFS 
(powdered, washed and flocculated with spiked NaCl 
solution) . 
Tests on samples AHE/1 a Aland A2 
160 
150 
140 
"2 130 
2 1.20 .., 
0 
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.~ 
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Fig. 6.4 Results of Column Separation Test 1. 
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Sand samples were chosen because there were no clay and 
silt samples available large enough for the experiment. 
Samples were powdered in order to create broken bonds and 
hence chemically active surfaces analogous to clays. Most 
silt particles are silt sized sand grains, hence uncrushed 
sand is considered to behave similarly to silt in the 
column. 
The results of all treatments are graphed in Fig.6.4. 
As expected the levels of metals are more or less equal for 
U, UW, and P fractions of both samples Ai and A2. The grain 
surfaces of the uncrushed sand will be in equilibrium with 
respect to trace metals at neutral pH. Hence washing these 
samples in distilled water should not alter the heavy metal 
content. Powdering samples should not change the heavy 
metal content as long as the mill is clean. However, the 
powdered washed fractions (PW) show that metals can be lost 
in the washing process. The final flocculated powders (PF) 
yield similar metal concentrations to the untreated 
powders. These results indicate that any metals lost in the 
washing process are replaced during flocculation. In other 
words there was metal loss during the washing process and 
metal contamination during flocculation, but these two 
cancel each other. 
Figure 6.4 and Table 6.2 show that PFS samples were 
seriously contaminated with all heavy metals, except Fe, 
despite exhaustive washing of final flocculates. Another 
important result was the elevated organic matter content of 
flocculated samples (PF, PFS). The greater weight loss on 
ignition is probably due to an increase in sediment water 
content rather than higher organic matter levels. An 
increase in water content could arise by a hydrolysis 
reaction at the surface of the freshly cleaved sediment. 
When minerals cleave broken bonds attract OH- groups from 
water to balance the charge, hence water is dissociated 
(Davis, 1989). The resulting slight acidity of the water 
explains why metals were lost during the washing of the 
Table 6.2 Results of Column Tests of Powdered Samples Al and A2. 
Pb Zn Cu Ni Fe ORGANIC 
119/9 119/9 119/9 119/9 % % 
AlP 6.8 22.4 4.9 15.5 1.1 1.4 
A1PF 11.0 24.1 7.2 20.6 1.7 2.1 
A1PFS 79.4 126.0 144.0 134.0 1.7 2.1 
A2P 8.8 20.9 5.4 15.4 1.0 1.4 
A2PF 9.2 21.4 5.4 20.3 1.6 2.4 
A2PFS 65.5 104.0 107.0 108.0 1.6 2.7 
P; powdered sample. 
PF; powdered sample, separated and flocculated with NaCl. 
PFS; powdered sample, separated and flocculated with NaCl, 
spiked with 1ppm Pb, Zn, Cu, Ni, Fe. 
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powdered samples. Such ion exchange behaviour may be 
exhibited by clay minerals. 
It can be concluded from the results of the uncrushed 
(U) and uncrushed and washed (UW) samples that column 
separation has little or no affect on the silt fraction. 
However, the results of the powdered samples (P, PF, PFS) 
suggest that there is a potential for 1) heavy metal loss 
from clay minerals in the columns, and 2) metal 
contamination of clays during flocculation with saturated 
NaCl solution. In addition, the powdered samples reveal 
that there is a two fold increased weight loss on ignition 
(usually taken as organic matter) from the columns (PW) to 
the beakers (PFS) (Table, 6.2). This result indicates that 
the separation technique may bias towards higher levels of 
organic matter in clay fractions compared with silt and 
sand. 
Freshly milled sand samples are not an ideal model 
for clays and may be more or less reactive. Presumably 
marine clay minerals are in equilibrium with respect to 
heavy metals at neutral pH. If so, then the repeated mud 
separations of Test 2 should yield identical heavy metal 
concentrations for the silt and clay fractions. 
6.2.1.2 Test 2 
Because the results from Test 1 suggest that the clay 
fraction may become contaminated during grain size 
separation it was considered worthwhile to perform a 
further separation on existing clay and silt fractions. 
The fractions ZT3 (silt) and CT3 (clay), from unit T3 
in the Travis Swamp, were derived from the same mud sample 
by· column separation. Fi ve grams of each fraction were 
added a second time to different 1 litre columns of water. 
The separation and analysis methods were the same as 
described in Test 1. However, only 4 separations were 
possible because of the small sample size. A shorter 
settling time, 1 hour (instead of 4), was required for silt 
ZT3 because no clay was present in the sample. 
Table 6.3 Results of Column Separations of Silt TS/1 3 (ZT3), 
and Clay TS/1 3 (CT3). 
Sample Pb cu Ni Zn Fe Mn Cr ORGANIC 
/Lg/g /Lg/g /Lg/g /Lg/g % /Lg/g /Lg/g % 
ZT3 8.9 46.3 8.3 34.6 1.5 43.0 24.1 1.5 
FZT3 13.6 54.7 11.1 43.7 1.9 56.5 31.3 1.8 
CT3 29.8 40.7 19.7 107.0. 4.3 163.0 64.3 4.1 
FCT3 30.4 50.1 19.2 109.0 4.2 163.0 59.0 4.0 
ZT3; ZT3 from first column separation 
FZT3; ZT3 from second column separation. 
Table 6.4 Total Heavy Metal Content in Sediments before (T) and after (Tf) 
Grain Size separation 
Sample Pb cu Ni Zn Fe Mn Cr ORGANIC 
/Lg/g /Lg/g /Lg/g /Lg/g % /Lg/g /Lg/g % 
AHE 3aC1 (FAAS) 
T 8.87 7.57 10.87 43.80 1.46 55.80 34.66 3.10 
Tf=S+Z+c 8.34 7.84 10.12 41.42 1.63 82.60 35.09 2.28 
AHE 1C8 (FAAS) 
T 22.34 7.46 15.82 29.10 2.14 84.35 56.00 2.85 
Tf=S+Z+C 19.19 8.05 15.11 32.68 2.07 88.37 63.26 2.36 
SD-N-1 (FAAS) 
T 105.00 83.00 25.20 479.00 3.01 427.00 128.00 11.30 
Tf=S+Z+C 108.64 101.14 27.80 438.13 2.99 419.21 135.49 8.89 
AHE 582 (XRF) 
T 22.00 20.00 55.00 2.46 240.00 37.00 
Tf=S+Z+C 21.19 17.47 58.90 2.50 297.08 40.82 
AHE 6C-B1 (XRF) 
T 18.00 11.00 47.00 2.06 379.50 32.00 
Tf=S+Z+C 16.24 10.22 47.48 2.05 405.61 26.68 
S, sand concentration; Z, silt concentration; C, clay concentration. 
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The results of this test are shown in Table 6.3. There 
is no significant difference in heavy metal content between 
CT3 (first separation) and FCT3 (second separation) 
indicating that careful work will not contaminate clays. 
Heavy metal levels of FZT3 (second separation) are slightly 
higher than ZT3 (first separation). The higher heavy metal 
levels of ZT3 are most likely due to 1) further grain size 
segregation favouring removal of silt sized clay minerals, 
and/or 2) contamination during flocculation with saturated 
NaCl. (Clay minerals are higher than silt minerals in heavy 
metals (see chapter 1 and 4). In addition, most silt 
studied here contains a small proportion of silt sized clay 
minerals (Chapter 3).) 
The results of the Tests 1 and 2 indicate the following 
1) there is a potential for metal loss from the columns by 
repeated washing with distilled water, 2) clay fractions 
are at risk of heavy metal contamination when flocculated 
with large quantities of saturated NaCl solution, and 3) 
there is possible water adsorption by clay minerals during 
separation. Hence, when performing a grain size separation 
the following must be performed 1) cover all beakers and 
columns with fresh plastic wrap, 2) the columns must be 
properly rinsed after acid washing to prevent slight 
acidi ty of the water during separation, 3) use AnalaR 
grade, or better, NaCl to make up the saturated solution. 
All column separations were carried out under the above 
conditions and contamination was negligible, which is 
demonstrated by Table 6.4. Table 6.4 compares the metal 
content of total sediment samples (T, unseparated) with the 
total metal (Tf) from sand, silt, and clay fractions added 
together in their proportions. For most metals the 
difference between T and Tf is insignificant. 
Fig. 6.5 
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6.3 FLAME ATOMIC ABSORPTION SPECTROSCOPY 
6.3.1 Introduction 
Flame Atomic Absorption Spectroscopy (FAAS) was first 
proposed by Walsh in 1955 and is now the most popular trace 
element analytical technique in the world (Ewing, 1985 i 
Florence, 1988). It is a simple and inexpensive technique 
that is applicable to a wide variety of major and trace 
elements. The main advantages are high sensitivity, less 
than 3Mg/g for most elements (see Table 6.2 for detection 
limits), which can be improved on 20 to 50 times by 
pre-concentration techniques such as chelation and solvent 
extraction. Short term precision is excellent 1-3% 
(Coefficient of Variation). Longer term precision is 3-5% 
for major elements and 10-15% for trace elements (Buckley 
and Cranston, 1971). The main disadvantages are 1) single 
element analysis, and 2) samples need to be taken into 
solution which is time consuming and requires analysis of 
analytical and instrumental blank solutions. 
6.3.2 Instrumentation 
Figure 6.5 summarises the instrumentation used in 
FAAS. The atomic line source is either a hollow cathode 
lamp or an electrodeless discharge lamp. The flame is both 
the means of atomising the sample and the means of 
maintaining a cell of atomic vapour within the light path 
of the instrument. The cathode in the source lamp contains 
the metal of interest. Atomic spectra of the element are 
excited in the lamp. Samples are atomized by nebulisation 
by which the sample aerosol is premixed with flame gases. 
Radiation from the hollow cathode lamp passes through the 
flame and the degree of atomic absorption is detected using 
a monochromater tuned to the wavelength of the emission 
line. 
Most lamps require a short warm up time and are stable 
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over very long periods. The noisiest component in the 
measurement chain is short term drift in the hollow cathode 
lamp output, which can be reduced by using the double beam 
instrument mode. When the double beam mode is employed the 
source lamp beam is split, one beam passing through the 
flame and the other by-passing the flame before recombining 
with the first beam before detection by the monochromater 
and readout system. The atomic absorption signal is then 
measured relative to the reference beam. Since drift in 
output affects both beams this sort of error can be 
eliminated. 
The exact mechanism of atomisation depends on 1) 
chemical reactivity of the element, 2) the matrix present, 
and 3) flame temperature and composition (Potts, 1987). The 
rate of atomisation depends on the initial particle size 
and distribution. For optimum absorption particles need to 
be small and uniform. 
Flame flicker is another major source of noise. The two 
common flames used are mixtures of air-acetylene and 
nitrous oxide acetylene. Both flames consist of primary 
(inner) and secondary (outer) reaction zones where gases 
are combusted and samples atomised. The secondary reaction 
zone in the air-acetylene flame produces strong background 
emission signals which contribute to the noise. The higher 
veloci ty and temperature of the nitrous oxide acetylene 
flame reduces such background emission. 
6.3.3 Interferences of FAAS 
The interferences of FAAS are well known and documented 
(Potts, 1987; Ewing, 1985; Hosking et al 1977). There are 
three main interference categories: 1) chemical, 2) 
instrumental, and 3) spectral. Chemical interferences arise 
from both ionisation, and refractory (stable) compound 
formation in the flame. A typical refractory compound is 
ca3 (P04 )2 which significantly decreases the Ca signal in a 
phosphate medium (Hosking et al., 1977). The main methods 
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of suppressing chemical interferences include 1) adding 
ionisation suppressor or releasing agents, 2) matrix 
matching of standards and samples, and 3) using the hotter 
nitrous oxide flame. 
Instrumental interferences arise from 1) uneven 
nebuliser flow rate, 
sample and standards, 
immersion in sample, 4) 
2) viscosity differences between 
3) different depth of capillary 
length of capillary, and 5) affect 
of sample matrix on flame temperature. These interferences 
can be overcome by careful work, such as cleaning the 
capillary tube, and using the method of standard additions 
when solutions are very viscous. 
Spectral interferences arise from 1) atomic spectral 
line overlap of 2 or more elements, and 2) non-specific 
absorbance due to either molecular species in the flame or 
scatter of hollow cathode lamp radiation from particles in 
the flame. The most effective way of removing spectral 
interferences is by utilising Zeeman correction where 
spectral lines are split by a magnetic field (Rothery, 
1986) . However, the instrument (Varian Techtron AA 1475 
spectrophotometer) used for this study employed 
continuum-source background correction which assumes that 
the background absorption is continuous over the spectral 
bandwidth of the monochromater. A deuterium lamp produces 
a continuous broadband spectrum. Total absorption is made 
with the hollow cathode lamp, while measurement with the 
deuterium lamp gives background absorption only. As the 
atomic line is very narrow it makes virtually no 
contribution to background absorption. The analyte signal 
can only be obtained by electronic subtraction of the 
deuterium lamp signal from the hollow cathode lamp signal. 
It is important to use background correction when metals 
are present in very small concentrations. 
Potts (1987) reviews major elemental interferences and 
correction methods using the air-acetylene flame. Copper, 
and Zn usually exhibit no interference, and background 
correction is not usually required. Iron is also free from 
Table 6.5 Flame AAS Instrumental Conditions 
Element Wavelength Slit Lamp Background Attenuation Flame 
(nm) Width current correction 
(nm) (rnA) 
Cr 357.9 0.2 7 off out NA 
Cu 324.8 0.5 3 off out AA 
Fe 248.3 0.2 6 off out AA 
Mn 279.5 0.2 5 off out AA 
Ni 232.0 0.2 4 on in AA 
Pb 217.0 1.0 4 on in AA 
Zn 213.9 1.0 5 on in AA 
NA; nitrous oxide acetylene 
AA; air acetylene 
Fig. 6.6 
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Analysis FAAS 
Procedure used to analyse heavy metals and 
organic matter in bottom sediments (8, 
sand; Z, silt; C, clay; T, total). 
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interference but more reliable results are obtained using 
the nitrous oxide acetylene flame. Lead and Ni are subject 
to non-specific absorption and hence background correction 
is required. Interferences commonly occur for Cr because 
Cr4+ and Cr3+ have different absorption lines, and Cr20 3 is 
a very stable compound. Chromium interference is 
counteracted in the presence of Fe or by employing the 
hotter nitrous oxide acetylene flame. Mn is subject 'to 
matrix effects which can be overcome by using the standard 
additions technique. The instrumental conditions used in 
this study for analysis of Pb, Cu, Ni, Zn, Fe, Mn, and Cr 
are presented in Table 6.5. 
HEAVY METAL ANALYSIS OF SEDIMENTS BY FAAS 
6.4 Analytical Procedures 
Figure 6.6 summarises the procedure involved in 
analysing sand (S), silt (Z), clay (C), and total sediment 
(T) samples by FAAS. Samples were analysed in batches of 
12, including the analytical blank) the primary reference 
SD-N-1 ,and where possible a secondary reference. Each 
batch usually contained samples from the same grain size 
and the same core, which minimised within core and within 
grain size errors. 
Two digestion procedures were initially tried. The 
first procedure follows that of Hulse (1983) with slight 
modifications. Initially samples were roughly weighed in 10 
ml beakers and oven dried at 105°C overnight to remove any 
water. Subsequently, the samples' were desiccated for 2 
hours and weighed accurately to 4 decimal places before 
ashing in a furnace at 550°C for 8 hours to remove organic 
matter. After cooling the samples were again desiccated for 
2 hours prior to reweighing. The ignited reweighed samples 
were transferred to polypropylene beakers, dampened with 
double distilled water (DDW) , and placed over a water bath. 
Next, concentrated HFand HN03 (HF/HN03 ) were added to the 
Table 6.6 Sediment Digestion Summary 
Sample Weight Digestion Mixture 
g 
Total 1-1. 5 6ml conc. HN03 & 12ml 40% HF (x2) 
Sand 1-1. 5 6ml conc. HN03 & 12ml 40% HF (x2) 
Silt 1.0 6ml conc. HN03 & 12ml 40% HF (x2) 
Clay 0.2-0.3 3ml conc. HN03 & 6ml 40% HF (x2) 
(all acids AR grade) 
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samples, in quantities shown in Table 6.6. The acid 
sediment solutions were evaporated to dryness over the 
water bath, and the above acid digestion repeated. The 
final residues were taken up in 6 mls of 4M HN03 and 
filtered using 5 ml aliquots of DDW into 20 or 25 ml 
volumetric flasks and analysed by FAAS under the conditions 
outlined in Table 6.5. 
The second method was basically the same as procedure 
1 except samples were boiled once in 20 mls of 4M HN03 for 
30 minutes and filtered into 25 ml flasks. The accuracy and 
precision of method 1 was better than method 2 (see section 
6.6), so HFjHN0 3 digestion was adopted for the course of 
this study . Filter residues from HF jHN03 digestion were 
retained and later analysed by XRD and XRF to determine the 
mineral and heavy metal content. 
6.5 CONTAMINATION CONTROL IN ANALYTICAL PROCEDURES 
Risk of contamination occurred during analyses at the 
following stages: 1) sediment digestion (from acids HFjHN0 3 
and dust), 2) filtering (filter paper), and 3) FAAS 
instrument (nebuliser capillary) . The influence of 
laboratory dust was kept to a minimum by keeping fume 
cupboards clean and closed, and by shutting laboratory 
doors to avoid traffic. contamination from AR grade 
reagents was considered negligible in terms of the 
specifications and amounts used. 
Analytical blanks, instrumental blanks, and repeat 
filter washings were analysed throughout the duration of 
the study to keep track of contamination, and detection 
limits. 
6.5.1 Filtering 
contamination was kept to a minimum during filtering by 
1) covering filter funnels with plastic wrap, and 2) 
prewashing filter papers in 4M HN03 followed by rinsing 
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with DDW. 
The filtering step had the potential for metal loss 
because the final metal solutions were small in volume (20 
to 25 mls). Larger volumes would have reduced this problem 
but produced more dilute analyte solutions, possibly below 
FAAS detection. Hence, to ensure the maximum metal yield, 
less than 5 ml aliquots of water were added at a time to 
filters, and allowed to drain completely before washing 
with more water. Filter residues were chosen randomly and 
rewashed into 5ml volumetric flasks to check the efficiency 
of the filtering step. For all metals analysed by FAAS the 
efficiency of filtering was between 97 and 100%. Gain of 
metal ions is also possible from the filter paper. Pre-
washing the papers with 4M HN03 removed this problem, which 
was confirmed by analytical blanks. 
6.5.2 Blank Solutions 
Both instrumental and analytical blanks were run with 
each batch of samples. The instrumental blank consisted of 
5mls of 4 M HN03 in 100ml volumetric flask made up to the 
mark with DDW. These proportions were the same as used to 
make up the standard solutions. The instrumental blank was 
used to zero the instrument. The analytical blank was 
carried through the same procedure as the samples except 
wi thout sample. Metal levels in the analytical blanks 
ranged from undetectable to 0.15Mg/g (ppm), and were 
subtracted from all sample results, in each batch. 
6.5.3 Detection Limits 
The detection limit (DTL) of each batch of analyses 
was calculated using the instrumental blank. There are many 
methods available for measuring the detection limit and 
these are discussed fully by Potts (1987). Generally there 
are two main types of DTLs 1) the "absolute" which is the 
smallest amount detectable but not accurately (ie 
Table 6.7 Detection Limits for Total Sediment, 
Silt, and Clay analysed by Fame AAS. 
Sand, 
Pb Cu Ni Zn Fe Mn Cr 
fJ.gjg fJ.gjg fJ.gjg fJ.gjg % fJ.gjg fJ.gjg 
Total 4.0 .1 .9 <.50 1.3 1.3 4.1 
Sand 2.7 .2 .7 .53 2.9 .3 1.2 
Silt 1.6 .2 .2 <.50 1.5 2.7 5.7 
Clay 6.3 .8 2.8 <.50 7.2 2.7 8.7 
Potts 1.0 1.0 3.0 .80 3.0 1.2 3.0 
(1987) 
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qualitative) and the "relative" which can be expressed 
accurately with a known error. The relative DTL is usually 
expressed as either the Lower Limit of Detection XLLD 
(which is 3 standard deviations (3s) above the average 
blank mean (Xb) or the Limit of Determination XLOD (which 
is 6s above Xb) (Potts, 1987). 
Potts recommends that for quantitative work analysts 
should make 10 determinations of the blank and calculate 
XLOD " In this study over a period of several years more 
than 1300 blank determinations were made for each element. 
Hence, a very reliable estimate of the standard deviation 
of Xb was obtained and the Lower Limit of Detection was 
considered a satisfactory estimate of the DTL. 
Before the detection limits could be calculated, the 
instrumental blank signals were converted to concentration 
values applicable to the average sediment weight analysed 
in each batch. 
All batches analysed contained samples of the same 
composition (matrix) and grain size, which included 1) 
total sediment, 2) sand, 3) silt, and 4) clay. The 
quantities analysed are given in Table 6.6. Each batch of 
samples varied with respect to matrix and sample weight. 
Hence, it was necessary to calculate detection limits for 
each of the four different grain size groups. 
The average values of all the batch detection limits, 
for each grain size, are given in Table 6.7, together with 
the data of Potts (1987). (The errors on the detection 
limits are approximately 10%). Generally speaking the 
detection limits of the total, sand, and silt fractions are 
below the limits published by Potts (1987). The higher 
detection limits exhibited by the clay fraction are 
probably due to contamination. contamination would be more 
noticeable in the clay size fraction than the other 
fractions due to the small sample weight analysed (Table 
6.6). The main contaminants are Pb, Cr, and Fe, which are 
probably derived from laboratory dust. 
Table 6.8 SD-N-1 Statistics (HF/HN03 Method of Digestion; FAAS) 
Statistic Pb Cu Ni Zn Mn SA Mn Aq Fe SA Fe Aq Cr ORG 
/Lg/g /Lg/g /Lg/g /Lg/g /Lg/g /Lg/g % % /Lg/g % 
n 34 34 32 33 32 24 32 24 31 32 
M 99.3 74.7 26.5 433 582 520 2.96 2.96 141 10.5 
X 99.7 73.8 27.2 439 561 519 2.87 2.96 139 10.4 
s 10.3 4.38 3.4 47 70.7 44.9 .595 .414 9.55 1.18 
CV 10.3 5.86 12.5 10.7 12.6 8.66 20.8 14 6.88 11.4 
Y 83.1 102 87.7 100 72.2 66.8 78.9 81.3 93.3 
Xe 3.6 1.53 1.23 16.7 25.5 18.7 .215 .172 3.5 .426 
Xe (%) 3.6 2.1 4.5 3.8 4.5 3.6 7.5 5.8 2.5 4.1 
/L 120 72.2 31 439 777 777 3.64 3.64 149 
CI of /L 112-132 68.1-75.2 27-34 423-452 728-801 728-801 3.53-3.78 3.53-3.78 125-161 
CI of 0' 8.63-14.4 3.67-6.14 2.76-4.62 38.8-64.9 57.4-96.1 34.9-63 .483-.809 .322-.581 7.63-12.8 .959-1.6 
n, number of analyses; M, median; X, mean sample set; s, standard deviation of sample set; CV, coefficient of variation, 
Y, percentage yield; Xe, error of the mean; /L, certified mean (IAEA); CI, 95% confidence interval; 0', certified standard deviation. 
6.6 ACCURACY AND PRECISION OF FLAME ATOMIC ABSORPTION 
SPECTROSCOPY 
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To obtain the best accuracy contamination levels 
should be at the minimum, which cannot be improved upon and 
parallels the work carried out in other laboratories. 
Therefore, once detection limits are known the best way to 
assess accuracy and precision is analysing primary and 
secondary reference materials. 
The primary reference material used in this study is a 
marine sediment, SD-N-l/2, from the North Sea. Several 
comprehensive reports exist containing intercomparison 
studies of this reference material. The most recent report 
is International Atomic Energy Agency (IAEA) report G4.12, 
1988. 
6.6.1 Accuracy and Precision of SD-N-1 analysis by 
FAAS 
Tables 6.8 and 6.9 contain final error statistics of 
SD-N-1 by the HF/HN03 and HN03 digestion methods 
respectively. The trimmed raw data can be found in Tables 
A4.1 and A4.2 of Appendix 4. 
The method of data trimming involved eliminating any 
results more than 3 standard deviations (3s) either side of 
the mean X. (Assuming that the data is normally distributed 
then 99.7% of the results will lie within X±3s (Anderson, 
1987; Lister, 1982).) There were no more than 2 outliers 
per metal and some had no outliers. The mean, X, of the 
trimmed data was then compared to the median (M), to check 
that the data were normally distributed. For almost all 
metals X and M agreed to within 1% so no further data 
trimming was necessary. 
The following error statistics were computed for each 
metal: 1) the standard deviation (s), 2) coefficient of 
variation CV «s/X) 100, standard deviation expressed as 
percentage of the mean), 3) percentage yield Y «X/~)100, 
Table 6.9 SD-N-l Statistics (HN03 Method of Digestion; FAAS) 
Statistics Pb Cu Ni Zn Mn Aq Fe Aq Cr 
I-lgjg I-lgjg I-lgjg I-lgjg I-lgjg % I-lgjg 
n 20 19 17 19 14 11 14 
M 99.9 74.6 21.6 402 509 2.6 78.8 
X 98.7 73.6 22 374 514 2.66 77.6 
s 9.55 3.86 1.66 51.8 40.6 .342 16.1 
CV 9.67 5.25 7.51 13.9 7.9 12.9 20.8 
Y 82.3 102 71 85.2 66.2 73.1 52.1 
Xe 4.47 1.86 .854 25 23.4 .23 9.29 
Xe (%) 4.53 2.53 3.88 6.68 4.56 8.64 12 
I-l 120 72.2 31 439 777 3.64 149 
CI of I-l 112-132 68.1-75. 27-34 423-452 728-801 3.53-3.78 125-161 
CI of a 7.26-14 2.92-5.7 1.24-2.5 39.1-76.6 29.4-65.4 .239-.6 11. 7-25.9 
(see Table 6.8 for definitions of the statistical symbols) 
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where M is the certified mean supplied by IAEA) , 4) error 
of the mean Xe ( ±t(.05) s/vn, where t(.05) is the students 
t statistic at 95% confidence with n-1 degrees of freedom), 
and 5) percentage error of the mean Xe ( %) ( (Xe / X) 100, 
error of mean expressed as a percentage) . 
A comparison of SD-N-1 percentage error (Xe (%)) and 
yield (Y) values in Tables 6.8 and 6.9 shows that the 
HF/HN03 method of digestion produced better precision and 
accuracy than the HN0 3 method. Hence, the HF/HN03 method 
was adopted. The precision obtained by the HF /HN0 3 is 
excellent with errors (Xe (%)) less than 5% for most 
metals. The method of standard additions (SA) was employed 
to try and improve the accuracy of Fe and Mn. Table 6.8 
shows that the standard additions technique produced 
slightly better yields (Y) than aqueous calibration (Aq) , 
but at the expense of the precision (CV, Xe, Xe (%)). 
Precision is considered more important than accuracy in 
this study, because the ultimate goal is to compare batches 
of samples. Therefore aqueous calibration was adopted for 
Fe and Mn analyses. 
Errors (Xe (%)) of less than 10% and within the 
confidence interval of the certified means (M) are 
considered acceptable. Under these conditions FAAS analysis 
of SD-N-1 produced accurate results for Cu, Ni, Zn, and Cr. 
Despite the low percentage yields (Y) of Pb (83%), Mn 
(67%), and Fe (81%) the precision of these metals is 
excellent (Xe (%) Pb=3.6%, Fe=5.8%, Mn=3.6%). Hence, the 
proportion of Pb, Fe, and Mn recovered is accurately 
characterised. The reason for the low recoveries of Pb, Fe, 
and Mn will be discussed in the next two sections. 
6.6.2 comparison of SD-N-1 Accuracy with other analysts 
using HF/HN03 Digestion. 
Figure 6.7 A-G compares mean SD-N-1 metal values 
obtained by different analysts working in the Chemistry 
Department of Canterbury University over the last 7 years. 
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All analysts were post-graduate students analysing SD-N-1 
by essentially the same technique as outlined in section 
6.4. The main variations were 1) Hay (1988) analysed Fe, 
and Mn using the method 0:(: standard addi tions, and 2) 
stewart (1989) ashed samples in platinum crucibles directly 
over a bunsen burner. stewart, also, used a higher 
proportion of HF to HN0 3 than other analysts, and 
evaporated samples over a low temperature sand bath in 
platinum crucibles. Stewart's method did not produce a 
digestion residue. consequently stewart's samples were 
taken up directly in acid without filtering. 
Almost all analysts obtained good accuracy for Cu, Ni, 
and Cr and low results for Pb, Fe, Mn, and Zn. However, 
stewart produced excellent accuracy for Pb, and Zn. stewart 
did not analyse Fe, Ni, and Cr, and her Mn result was the 
best recovery by aqueous calibration. The excellent Mn 
recovery obtained by Hay was accomplished using the method 
of standard additions. 
There is a general bias towards low Pb, Fe, Zn, and 
Mn results for all analysts except Stewart. The main 
difference between stewart's technique and the other 
analysts is in the filtering step. Stewart did not filter 
her samples. All other analysts filtered into 20 or 25ml 
volumes, except Burgess (1985) who filtered some samples 
into 10 ml volumetric flasks. The evidence suggests that 
some metals are trapped in the digestion residues and not 
removed by filtering. 
The higher concentrations of HF relati ve to HN03 , 
employed by stewart, combined with slow fuming of these 
acids over a sand bath resulted in more efficient digestion 
with a minimum final residue enabling samples to betaken 
up directly without filtering. The water bath technique 
used by the other analysts involved a lower proportion of 
HF to HN03 , and solutions evaporated more quickly, hence 
digestion was less efficient. consequently, a white residue 
remained weighing approximately 10% of the initial sample 
weight. It was necessary to filter samples because the 
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residue tended to clog the nebuliser capillary. Despite the 
disadvantages of the water bath technique it was possible 
to analyse 12 to 20 samples at a time, compared to 3 using 
the platinum crucibles. Hence, the water bath technique is 
more economical when large studies are undertaken. In 
future the water bath technique could be improved by 
lowering the bath temperature and increasing the quantity 
of HF used. 
6.6.3 XRF and XRD analysis of HF/HN03 Residues 
The decomposition of sediments is affected by the 
reaction of hydrofluoric acid with silica, which forms 
gaseous silicon tetrafluoride (Forstner and wittmann 
(1981). A possible reaction is MSi03 + 6HF ~ SiF4 + 3H20 + 
MF2 . Aluminium fluorides are also produced when large 
quantities of HF had been added to clay samples. A number 
of HF acid digestion precipitates have been identified in 
the literature. These include CaF2f MgAIF5 oXH20, 
NaAIF4 oxH20, Fe(II) (AI,Fe(III»F5 oxH20 (Langmyhr and 
Kringstad, 1966), and K2SiF6 (Fahey, 1971). 
Complete decomposition of sediments by HF is a 
"time-honoured" procedure that may require several weeks of 
repeated treatment (Maxwell, 1968) 0 Even when severe 
methods have been used some minerals (particularly heavy 
minerals) remain resistant (Maxwell, 1968; Neuerberg, 
1961). Minerals containing elements, such as Pb and Mg, 
which from insoluble fluorides dissolve slowly because the 
precipitated fluoride shields the sample from further 
attack by the acid. 
In this study it was noticed that smaller sample 
weights produced better metal recovery. Clay samples 
weighing approximately 0.4g yielded half as much metal as 
samples weighing around 0.095g if the same quantity of acid 
was used. Naturally, some of the increased metal yield will 
be due to contamination. However, intermediate weights 
produced intermediate yields, which suggests that smaller 
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sample sizes allow more efficient HF attack of the 
sediment. As a result of this finding all sample weights 
were kept within 5-10% of one another. 
After samples were digested in concentrated HF and HN03 
white residues remained bearing similar grain size to the 
original sediment. The low metal yields obtained here and 
by the other analysts suggests that some heavy metals are 
trapped in the digestion residues, even after filtering. A 
small number of residues were retained and analysed by x-
Ray Fluorescence (XRF) and X-Ray Diffraction (XRD). Because 
the quantity of residue remaining was small it was 
necessary to analyse composite samples. Digestion residues 
from all units of core AHE/6 were combined for each grain 
size. 
The final samples RS/6 (sand), RZ/6 (silt), RC/6 
(clay) were analysed by X-ray Diffraction Analysis (XRD). 
The results of the XRD analysis were search matched with 
data stored in the J,LPDSM Search Match software (Geology 
Department, University of Canterbury) to obtain an estimate 
of the chemistry of the residues. 
Clay residue RC/6 produced an 85% match with the 
synthetic aluminium fluorides NaMgAIF6 .H20 (ralstonite) and 
K2NaAIF6 (elpasolite) and lesser matches with minerals, 
NaAISi30 8 (albite), and KAI 2 (Si3AI)010(OH,F)2 (muscovite). 
The silt residues favoured various synthetic 
fluorosilicates hydroxides, 
synthetic lead silicate (PbSi03), and minerals albite, and 
illite. Sand residues contained lead silicate, 
fluorosilicates, albite, and pumpellyite. There were no 
aluminium fluorides in the sand and silt residues. 
These results show incomplete dissolution of some 
minerals by HF. Albite is abundant in all grain sizes 
studied (Chapter 3). Pumpellyite is a common mineral in the 
heavy mineral suite of the sand fraction, whereas illite is 
abundant (44%) in the clay fractions and less common in the 
silt fractions (7%). The muscovite present in the clay 
residue may have been produced by alteration of illite, 
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because illite is the common phyllosilicate in the clay 
fractions. The aluminium fluorides in the clay residues and 
the fluorosilicates, and lead silicates in the sand and 
silt residues are precipitation products of reactions 
between HF and minerals during sediment decomposition. 
The incomplete dissolution of some minerals and 
precipitation of others (especially lead silicate) suggests 
that heavy metals are not completely removed from the 
residues after digestion. X-Ray Fluorescence (XRF) analysis 
of SD-N-1 and a composite total sediment residue (AHE/6) 
revealed that the digestion residues do contain some heavy 
metals. 
Approximately 30% of the major element assemblage 
could not be accounted for by XRF, so it was assumed that 
the presence of fluoride accounted for this anomaly. (The 
XRF instrument (Geology Department, University of 
Canterbury) is not calibrated for the analysis of maj or 
quantities of fluorides.) Hence, all the results were 
recalculated to account for 30% fluoride. The results are 
tabulated in Table 6.10 along with the relative errors of 
SD-N-1 analysed by FAAS. (The values of the digestion 
residues are corrected to the average weight of the 
original size fraction analysed.) 
Table: 6.10 Heavy Metal Concentrations in Acid Digestion 
Residues and Relative Errors (RE) for SD-N-1 
analyses by FAAS 
SD-N-1 SD-N-1 Residue composite 
(RE) Residues AHE/6 
J.Lg/g J.Lg/g J.Lg/g 
Pb 20.0 13 8.0 
Ni 3.0 undetectable undetectable 
Zn 0.0 8 14.0 
Mn 258 180* 92.0 
Fe 0.7% 59., • 0 0.48% 
Cr 10.0 undetectable undetectable 
* detection limit of Mn is 190ppm 
REi J.L-X, where J.L is the certified mean (IAEA) and X 
is the mean obtained in this study. 
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Table 6.10 shows that the Pb, and Fe contents of the 
acid digestion residue of SD-N-1 are similar to the 
relative errors found for FAAS analysis of SD-N-1. The 
evidence proves that bias .:in the FAAS technique is due 
metal retainment in digestion residues. Metals are probably 
firmly bound into the digestion residue compounds, which 
are of low solubility in the acid mixture. The results of 
repeat filtering show that over 97% of all metals passed 
through the filter paper into the volumetric flasks, hence 
metals were not retained in the residues as a result of 
poor filtering technique. The Zn content of the residues 
suggests that some Zn is also retained, but the value is 
within experimental error. 
6.6.4 Calculation of Precision using Secondary References 
It was not considered practical to duplicate analyses 
because 1) sand, silt, and clay fractions obtained by 
column separation were generally small and 2) material was 
required from each fraction for XRF and mineralogy studies. 
Therefore, it was necessary to incorporate reference 
material in every analysis. 
The primary reference, SD-N-1, is a fine grained 
sediment from the ScheIdt Estuary of the North Sea. The 
approximate mineral composition is 60% quartz, 20% calcite, 
10% clay minerals, 6% feldspars, 3% NaCI, and 1-2% pyrite. 
In contrast, the sediment samples from the Avon-Heathcote 
Estuary, Sal twater Creek Estuary, and Travis Swamp are 
composed mainly of quartz, feldspar, rock fragments, and 
clay minerals. The concentrations of these minerals vary 
between grain sizes but are uniform within each grain size 
(for all localities; see Chapter 3). These samples differ 
from SD-N-1 in 1) the proportions of quartz and feldspar, 
and 2) the absence of calcite, pyrite, and NaCI. Hence, it 
was decided that as far as precision was concerned it would 
be better to use internal references with similar 
composition to each grain size. The emphasis in this study 
Table 6.11 Secondary Reference Statistics on Heavy Metals analysed by FAAS 
Statistic Pb cu Ni Zn Fe SA Fe Aq Mn SA Mn Aq Cr ORG 
p,g/g p,g/g p,g/g p,g/g % % p,g/g p,g/g p,g/g % 
SA1B9 
n 4 5 5 5 3 4 3 5 6 4 
M 3.73 5.86 10.2 19.7 1.3 1.39 53.9 39.8 28.1 1.4 
X 3.76 5.88 10.5 20.1 1.39 1.39 52.3 44.6 28 1.41 
s .102 .246 .859 .934 .27 .093 6.91 10.9 1.89 .25 
CV 2.72 4.19 8.16 4.65 19.3 6.69 13.2 24.4 6.8 17.8 
Xe .162 .305 1.07 1.16 .671 .148 17.2 13.5 1.98 .4 
Xe (%) 4.31 5.19 10.2 5.77 48.3 10.7 32.8 30.3 7.1 28.2 
ZT3 
n 4 7 7 6 5 7 5 5 8 7 
M 4.06 5.84 8.72 26.9 1.92 1.72 67.1 51 30.2 1.65 
X 4.15 6.2 8.85 28 1.94 1.65 67.9 47.5 30.7 1.7 
s 1.14 .994 .489 4.49 .136 .121 7.36 5.5 3.83 .204 
CV 2.72 16 5.53 16 6.99 7.3 10.8 11.6 12.5 12 
Xe 1.81 .919 .452 4.71 .169 .112 9.14 6.83 3.2 .189 
Xe (%) 43.7 14.8 5.11 16.8 8.7 6.78 13.5 14.1 10.4 11.1 
CT3 
n 8 5 7 6 5 6 6 5 7 7 
M 37.8 20.7 26.3 125 4.26 4.25 319 221 71.5 4.22 
X 36.5 21.2 27.8 136 4.46 4.24 316 234 75.7 4.38 
s 4.63 1.9 4.64 30.4 .654 .499 39 21.8 9.81 .717 
CV 12.7 9 16.7 22.4 14.6 11.8 12.3 9.33 13 16.4 
Xe 3.87 2.36 4.29 31.9 .812 .524 40.9 27.1 9.07 .663 
Xe (%) 10.6 11.1 15.5 23.5 18.2 12.4 12.9 11.6 12 15.1 
n, number of analyses, M, median; X, mean sample set; s, standard deviation of sample set; 
CV, coefficient of variation; Y, percentage yield; Xe, error of the mean. 
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is on relationships within individual grain sizes (sand, 
silt, clay). Therefore, secondary references were chosen 
one from each grain size; the primary reference SD-N-1/2 
was considered adequate for the total sediment. The 
references ZT3 (silt from TS/1 T3), CT3 (clay from TS/1 
T3), and SA1B9 (baseline sand from unit B of core AHE/1a) 
were selected as secondary references. These samples were 
chosen for two reasons. Firstly, they were the most 
plentiful samples present in each grain size. Secondly, 
they were from pre-historic horizons, hence contained 
baseline levels of heavy metals closer to the detection 
limits. Consequently, maximum errors would be obtained. 
All data were trimmed and statistics computed by the 
method outlined section 6.6.1. The statistics are reported 
in Table 6.11 (raw data Appendix 4, Table A4.3). 
Unfortunately, the total sample available of each 
reference was small. consequently the number of analyses 
was small. Values of n ranged from 4 to 8 which was not 
considered large enough to determine long term precision 
for a 3 year study of heavy metals. So it was necessary to 
find a statistical technique that would incorporate the 
excellent precision obtained with SD-N-1 with the precision 
obtained by each of the secondary references to find 
realistic errors for each sediment group. 
The method of Lindley (1965) involving Bayesian 
statistical estimates for normal variance was chosen. The 
statistics produced an estimate of true variance 0'2 for 
each reference material by undertaking numerous 
calculations involving an initial estimate of the variance 
~ and the variance S2 obtained from the data set in 
Table 6.11. 
The method is briefly explained as follows. Initially 
a "prior" estimate of the sample variance (82 ) for each 
secondary reference (SR) is chosen. This estimate is based 
on all the prior knowledge available, and is an estimate of 
the variance expected. The chi squared distribution was 
chosen to represent the prior distribution of 8 2 . In this 
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study the estimate of 9 2 was made using the variance of 
SD-N-1 (SD-N-1 showed excellent precision and had a large 
data set so was considered to yield the best possible 
estimate of the variance). The coefficient of variation 
(CV, (s/X)100) of SD-N-1 was used to calculate the estimate 
of 9
2 
for metals of each SR as follows. From Table 6.8 the 
CV of Pb is 10.3% for SD-N-1, and from Table 6.11 the mean 
(X) of Pb is 36.5 for CT3. Therefore, the prior estimate of 
the standard deviation (9) for Pb CT3 is: 
10.3/100 x 36.5 = 3.76 (CVSD-N-1/100(XCT3)) 
and the prior estimate of 9
2 
is (3.76)2 = 14.1. An 
arbitrary 50~ was added to the estimates of 9 2 for Pb in 
SA1B9 and ZT3 because the mean values (X, Table 6.11) are 
close to the detection limits (Table 6.7) for sands and 
silts. 
From Lindley (1965) the prior distribution of the 
variance 9 2 is chi squared with Vo degrees of freedom and 
is approximately normal for large Vo. Equations: 
9 2 = a0 2Vo/Vo-2 
and 
Var9 2 = 2a04V02/(Vo-2) 2 (Vo-4) 
1) 
2) 
from Lindley are the equations that describe the prior 
estimate of the variance (9 2) and the variance of that 
estimate (var9 2). In order to compute the final statistics 
these equations require solving for the statistical 
parameters Vo and a0 2 • These calculations were performed by 
Professor J.J Deely, Department Mathematics, University of 
Canterbury (see Appendix 4, section A4.3 for workings). The 
final equations were: 
Vo = 4+(29 2/var(9 2)) 
and 
a0 2 = 9 2 (1-2/Vo) 
3) 
4) 
Table 6.12 Bayesian Statistical Data for Secondary References Sand AHE/1B9 
(SA1B9), Silt TS/1 3 (ZT3), and Clay TS/1 3 (CT3) 
sample Pb Cu Ni Zn Fe Mn Cr ORGANIC 
/Lg/g /Lg/g /Lg/g /Lg/g % /Lg/g /Lg/g % 
SA1B9 
X 3.8 5.9 10.5 20.1 1.4 44.6 28.0 1.4 
q2 .2 .1 1.6 4.2 .0 28.3 3.7 .0 
Xe .4 .3 1.1 1.8 .2 4.7 1.5 .2 
Xe (%) 12.0 5.0 11.0 9.0 13.0 11.0 6.0 12.0 
CV (%) 12.0 5.6 12.0 10.2 14.4 11.9 6.9 12.3 
ZT3 
X 4.2 6.2 8.8 28.0 1.6 47.5 30.7 1.7 
q2 .4 .3 1.1 10.7 .0 18.6 6.4 .0 
Xe .6 .4 .8 2.6 .2 3.8 1.8 .1 
Xe (%) 15.0 6.0 9.0 9.0 10.0 8.0 6.0 9.0 
CV (%) 15.0 8.4 11.6 11.7 13.6 9.1 8.2 11.8 
cn 
X 36.5 21.2 27.8 136.0 4.2 234.0 75.7 4.4 
q2 15.5 1.8 13.7 319.0 .3 419.0 38.9 .3 
Xe 2.7 1.2 2.7 14.2 .5 17.9 4.6 .4 
Xe (%) 8.0 6.0 10.0 11.0 11.0 8.0 6.0 9.0 
CV (%) 10.8 6.3 13.3 13.1 13.8 8.8 8.2 12.5 
Xi Mean heavy metal or organic matter (ORGANIC) concentration (from Table 6.11) 
q2i Variance calculated by method of Lindley (1965). 
Xei Error of the mean (95% Confidence). 
Xe (%)i Error expressed as a percentage of the mean. 
CVi Coefficient of Variation. 
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Equations 3) and 4) are only valid if Vo > 4 otherwise 
the variance is undefined. When Vo is large then Lindley 
states that a 2 is known precisely and the distribution is 
approximately normal. VO was around 35 for all elements of 
all SR (Table A4.4, Appendix 4), hence all prior estimates 
of 9 2 fit closely to the normal distribution. 
The next step is to calculate the final estimate of the 
true variance a 2 using Vo, ao 2 (from equations 3 and 4), 
and S2 (s2n from the data in Table 6.11). The final 
computation of Lindley is the 95% confidence estimate of 
the true variance (a 2 ), and is calculated from the 
"posterior" distribution using: 
5) 
where n is the number of analyses of each reference 
material (SA1B9, ZT3, CT3) for a particular element. Table 
6.12 contains the final estimates of a 2 for each metal of 
each SR. In addition the 95% confidence errors of the mean 
(Xe and Xe (%» and the coefficient of variation (CV) are 
tabulated. The errors were calculated using the a 2 
estimates instead of the S2 values from the data. All 
values of 9 2 , Vo, ao 2 , S2, and a 2 are tabulated in Table 
A4.4 of Appendix 4. 
The relative errors of the means (Xe (%» are tabulated 
separately in Table 6.13 with the errors calculated using 
conventional statistics. These results show that using the 
technique of Lindley (1965) realistic errors have been 
computed for sand, silt, and clay data. In most cases the 
final errors values lie between the values of SD-N-1 and 
the respective secondary reference. The Pb error value of 
12% for SA1B9 (calculated by Bayesian Statistics) is a more 
realistic than 4.31% (calculated by conventional 
statistics), because the mean Pb concentration is close to 
the detection limit. Hence, the error is expected to be 
higher than 4.31%. All errors (CV, Table 6.12) are within 
the acceptable long term precision range (10-15%) quoted by 
Table 6.13 Comparison of Secondary Reference Errors* derived by 1) Conventional 
Statistics (Co) and 2) Bayesian Statistics (By), for all grain sizes. 
Pb Cu Ni Zn Fe Mn Cr ORGANIC 
Total (SD-N-1) 
Co 4.0 2.0 5.0 4.0 6.0 4.0 3.0 4.0 
Sand (AHE/1 B9) 
By 12.0 5.0 11.0 9.0 13.0 11.0 6.0 12.0 
Co 4.3 5.2 10.2 5.8 48.3 30.3 7.1 28.2 
Si l t (lS/1 3) 
By 15.0 6.0 9.0 9.0 10.0 8.0 6.0 9.0 
Co 43.7 14.8 16.8 6.8 14.1 14.1 10.4 11.1 
Clay (lS/1 3) 
By 8.0 6.0 10.0 11.0 11.0 8.0 6.0 9.0 
Co 10.6 11.1 18.2 18.2 12.9 11.6 12.0 15.1 
*; Errors are expressed as percentages of the Mean X 
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Potts (1987). 
It is concluded that good precision has been obtained 
using HFjHN03 digestion and FAAS analysis of sediments. All 
clay error values are less .than 11%. Most silt and sand 
errors values are less than 12%. The highest error value is 
15% for Pb in silt which accounts for the proximity of the 
original mean (X) of ZT3 to the detection limit. 
The error values (By) tabulated in Table 6.13 are taken 
as the percentage errors applicable to all data (FAAS) of 
the respective grain size throughout this study. The 
analysis of total sediment was of lesser importance than 
individual grain sizes, hence the error values (Co) of 
SD-N-1 are considered adequate to represent the total 
sediment data. 
6.7 X-RAY FLUORESCENCE ANALYSIS OF SEDIMENTS 
The majority of heavy metal analyses were carried out 
using the FAAS technique. A small number of samples 
(approximately 140) from all grain sizes were also analysed 
using XRF. The XRF study was carried out to provide a 
further check on bias of the FAAS technique used in this 
study. 
6.7.1 Instrumentation, Precision, and Accuracy of XRF 
Analysis 
In simple terms the XRF instrumentation is as follows. 
A X-ray tube operated at a potential between 10-100KV 
generates primary X-rays which bombard a sample (which has 
been prepared as a compressed powder pellet or fused glass 
disc). During irradiation inner electrons are excited from 
atoms of elements in the sample. Outer electrons then fall 
back into the inner orbital vacancies and fluorescent 
X-rays of wavelengths characteristic of that element are 
emitted. The emission intensity of the characteristic 
radiation is measured and compared with that from a 
229 
standard sample. 
X-ray counts are not directly proportional to atomic 
concentration but must first be corrected for absorption-
enhancement effects caused by the influence of other 
elements in the sample. Norrish and Hutton (1969), Harvey 
et al (1973), and Norrish and Chappell (1977) describe 
standard iterqtive correction procedures based on 
-, '''', 
calculation of-matrix attenuation for glass discs and 
powder pellets. 
Analytical accuracy of XRF studies depend on both the 
reliability of the matrix correction program and procedures 
used for calibration and sample preparation. Calibrations 
are carried out relative to known element compositions in 
reference materials. Therefore accuracy is critically 
affected by both the selection of samples to be included in 
the calibration set, and the confidence that may be placed 
on compiled compositions of reference materials. Maximum 
accuracy is achieved by calibrating samples against as many 
international rock standards as possible. 
Precision of the XRF technique is excellent and is 
governed by Poisson statistics of X-rays counts. The 
instrumental precision is usually better than quoted for 
international data which is a combination of results from 
widely different laboratories and techniques. Normally 
precision is obtained at the 0.2% level for major elements 
and 1-2% for trace elements (Potts, 1987). 
6.7.2 Analytical Procedures and Operating Conditions of 
this study 
1) Operating Conditions 
All samples were analysed on an automated Philips PW 
1400 X-Ray Spectrometer (located in the Geology Department 
of the University of Canterbury). The Spectrometer was 
calibrated and operated by Stephen Brown. Mass absorption 
corrections were made using compton and Rayleigh tube 
(i) 
r--------y--------~ 
Add Polyvinyl 
alcohol 
I 
,----y---------, 
Press pellet 
r--------y--------~ 
XRF Analysis 
Trace elements 
( ii) 
r--------y--------~ 
Dry flux 
sample 110°C 
I 
ICO~l I 
r----------y------------, 
Ignite crucible 12000C 
Iwei~h I 
r------------y-------------, 
Add flux, sample, oxidant 
to crucible and weigh. 
I 
,------y------------, 
Ignite 12000C 
20 minutes 
I 
IWe~ghl 
r----y-----, 
Re-ignite 
r--------y---------, 
Mould fusion bead 
,--------y--------~ 
XRF Analysis 
Major elements 
Fig. 6.8 Procedure used in XRF analysis of sediments. 
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lines. The software comprised the program "Base" written by 
R.Lee (1980, Department of Geology, University of Western 
Australia) and modified by Stephen Brown and Arther Alloway 
to improve mass absorption co-efficients and consequently 
analytical sensitivity and precision. Major elements (Si, 
Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) were determined as weight 
% of the element oxide using fusion beads and Cr-radiation. 
Trace element analyses were carried out using pressed 
powder pellets; some analysed by Mo-radiation (Rb, Sr, Pb, 
Th, Ga) and others by Au-radiation (Ba, Zr, Nb, Y, La, Nd, 
Ce, V, Cr, Ni, Zn). The instrument was not calibrated for 
Cu analysis. See Table 6.1 for detection limits of this 
technique. 
2) Sample Preparation 
Sample preparation follows the procedure outlined in 
Fig. 6.8. Approximately 30g of each sample was ground in a 
tungsten carbide ring mill which had been pre-cleaned with 
silica sand and washed with double distilled water and 
dried, then milled with some of the sample (which was 
discarded) and washed and dried again. Samples less than 
15g were milled in a tungsten carbide ring mill. Between 
samples, mills were scrubbed, flushed with DDW and dried. 
i) Powder Pellets 
Pressed powder pellets were made by mixing 5g of 
powdered sample with 5 drops of 7% Polyvinyl alcohol (brand 
Mowiol) which formed the binding agent. The homogenised 
mixture was then placed in a cylindrical steel mould; a 
steel piston was inserted and the mixture compacted with a 
5 tonne hydraulic press to form a pellet 32mm in diameter 
and 4mm thick. The pellets were then placed in an oven at 
70°C for 12 hours to dry. In the case of some clay and silt 
samples there was often less than 2g of sample available. 
These samples were added to boric acid in ratio 1 to 5 and 
pressed without the addition of the binding agent. 
Duplicate totals and sands were prepared using boric acid 
Table 6.14 Comparison of Heavy Metal Analysis of Primary 
References by Flame AAS and XRFS. 
Reference Parent Pb Cu Ni Zn Fe Mn Cr 
Material Rock p. AAS XRF P. AAS XRF P. AAS XRF P. AAS XRF P. AAS XRf P. AAS XRF p. AAS XRF 
SO-N-l sediment 120.0 98.8 117.0 72.2 68.2 31.0 23.0 29.0 439.0 499.0 448.0 36400.0 30700.0 43000.0 777.0 542_0 812.0 149.0 134.0 162.0 
SY3 Syenite 133.0 117.0 111.0 17.0 14.6 11.0 2.4 14.0 244.0 251.0 246.0 45400.0 35300.0 2480.0 1690.0 11.0 6.3 12.0 
MRG-l Gabbro 10.0 <10.0 9.0 134.0 133.0 193.0 192.0 194.0 191.0 180.0 202.0 125300.0 82500.0 124600.0 1318.0 872.0 1160.0 430.0 282.0 485.0 
NIMG Granite 40.0 20.5 41.0 12.0 9.6 8.0 <2.0 6.0 50.0 32.4 53.0 13500.0 5610.0 13400.0 162.0 23.9 <100.00 12.0 5.5 13.0 
NIML Lujarite 43.0 41.9 42.0 13.0 13.0 11.0 <2.0 7.0 400.0 374.0 383.0 66600.0 58300.0 69800.0 5968.0 2989.0 6120.0 10.0 8.4 14.0 
NIMS Syenite 5.0 <10.0 4.0 19.0 18.6 7.0 2.3 11.0 10.0 5.0 13.0 9360.0 4320.0 10100.0 77.5 23.0 <100.00 12.0 8.5 11.0 
MAG-l Mud 24.0 10.5 30.0 28.3 53.0 38.0 130.0 107.0 47500.0 40300.0 760.0 310.0 97.0 102.0 
SCO-L Shale 31.0 30.2 28.7 28.2 27.0 17.8 103.0 119.0 35900.0 29200.0 410.0 250.0 68.0 69.6 
RE* CI 95% ±1.1 ±.739 ±3.16 ±400 ±190 ±.54 
p.; certified mean value quoted in the literature (Govindaraju, 1989; IAEA, 1988) 
All results are p.g/g. 
* RE; relative errors calculated for NIM-G, and SY-3 
(~eaver, et al, 1990) 
-; no data 
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to check reproducibility relative to pure sample pellets. 
Four pure boric acid pellets were run as analytical blanks. 
ii) Fusion beads 
Fusion beads were prepared following the methods described 
by Norrish and Hutton (1969), Harvey et al (1973), and 
Schroeder (1980). The method is summarised as sequence ii) 
in Fig. 6.8. Pre-weighed O. 3g samples. and flux (blended 
lithium tetraborate, lithium carbonate and lanthanum oxide) 
were oven dried at 110°C for 12 hours prior to bead 
preparation. Batches of 3 samples and a flux were prepared 
at a time (30-40 minutes). Each sample was mixed with 1.61g 
of flux and a few grains of oxidant (NH4N03 ) in a platinum 
crucible. Crucibles were heated at approximately 12000C for 
20 minutes, then cooled to room temperature and reweighed 
to determine any weight loss. The crucibles and contents 
were then reheated for a further 20 minutes. Each melt was 
subsequently poured into a pre-heated (250°C) aluminium 
mould and then compressed to make a bead. The beads were 
cooled slowly by successive 1 hour periods on high 
temperature and low temperature hot plates. All beads were 
stored in plastic bags and desiccated until analysed. The 
weight loss on ignition was determined for each sample 
using the flux and sample weight changes. A flux blank was 
analysed to check for contamination. 
6.7.3 Accuracy and Precision of the XRF Method 
Table 6.14 contains results of Pb, Cu, Ni, Zn, Fe, Mn, 
and Cr analyses of standard reference materials by FAAS and 
XRF compared with the certified values of Govindaraju 
(1989) and IAEA (1988). Generally the XRF results are 
slightly higher and more accurate than the results by FAAS. 
There was not enough sediment to duplicate pellets. Hence, 
error statistics were not computed because only one 
analysis was performed for each reference. However, Table 
6.14 presents standard deviations reported by Weaver et al 
(1990) for XRF results of NIM-G and SY-3, which illustrate 
Table 6.15 Results of Intercomparison of FAAS and XRF 
Metal & X(XRF) X(FAAS) X(D) S(D) X(D)e CI of X(D) X(FAAS)/ 
Sample X(XRF)100 
% 
Fe 
Total 1.9 1.3 .5 .2 ±.G8 0.4-.42 71.0 
Sand 1.8 1.1 .8 .4 ±.24 0.52-1.0 63.0 
Silt 2.5 2.3 .2 .4 ±.20 0.02-.42 92.0 
Clay 5.9 4.4 1.4 .8 ±.43 0.97-1.83 75.0 
Mn 
Total 241.0 74.3 170.0 64.0 ±28.4 142-198 31.0 
Sand 221.0 82.1 149.0 127.0 ±97.6 51.4-247 37.0 
Silt 295.0 148.0 195.0 115.0 ±73.1 122-268 50.0 
Clay 649.0 432.0 269.0 178.0 ±127 142-396 66.0 
Pb 
Total 17.3 8.5 8.8 4.7 ±1.83 7.0-10.7 49.0 
Sand 17.8 4.0 13.8 3.2 ±2.28 11.5-16.1 22.0 
Silt 30.9 20.9 10.0 8.5 ±7.14 2.82-17.1 68.0 
Clay 70.8 33.8 37.0 15.3 ±7.87 29.1-44.9 48.0 
Cr 
Total 30.6 28.8 1.8 4.4 ±1.6 0.2-3.4 94.0 
Sand 32.6 29.6 5.3 10.5 ±6.35 -1.02-11.7 91.0 
Silt 43.4 37.2 6.2 10.8 ±5.06 1.11-11.2 86.0 
Clay 77.8 79.9 -2.1 16.5 ±8.48 -9.05-6.42 103.0 
Ni 
Total 10.7 12.3 -1.6 3.6 ±1.32 -2.91- -0.27 115.00 
Sand 10.9 8.9 2.0 2.6 ±1.85 0.18-3.88 81.0 
Silt 12.2 11.1 1.1 4.1 ±2.29 -1.15-3.43 91.0 
Clay 
Zn 
Total 45.3 25.5 19.9 8.1 ±2.97 16.9-22.9 56.0 
Sand 48.7 25.2 23.5 13.5 ±8.16 15.3-31.7 52.0 
Silt 63.2 37.0 26.2 20.7 ±9.69 16.5-35.9 59.0 
Clay 196.0 167.0 28.7 92.3 ±47.5 -18.8-76.2 85.0 
X(XRF), mean of XRF Data; X(FAAS), mean of FAAS Data; 
X(D), X(XRF)-X(FAAS); S(D), standard deviation of X(D); 
X(D)e, error of X(D) at 95% Confidence; CI of X(D), 95% confidence 
interval of X(D). All results in ~g/g except Fe (%). 
232 
the excellent precision of the Geology Department 
instrument. The results in Table 6.14 show excellent 
accuracy for Pb, Ni, Zn, Fe, and Cr. Manganese results are 
slightly more variable. 
6.7.4 Intercomparison of XRF and FAAS 
A large number of samples, from each grain size, were 
analysed by both techniques. The average difference, XeD), 
between the two techniques for individual samples (within 
each grain size) is presented in Table 6.15. The standard 
deviation SeD) and the 95% confidence interval of the mean 
XeD) are also given. If the confidence interval contained 
zero or lay within errors either side of zero then the 
difference between the two techniques was considered 
insignificant. 
Flame Atomic Absorption Spectroscopy yielded lower Fe 
results than XRF. The Mn results produced by XRF are just 
on the detection limit of the technique, so XeD) values are 
below the error values. (However Mn results are also lower 
for FAAS.) Lead results tend to be 5-15ppm lower by FAAS 
than those by XRF. These values are similar to the relative 
error obtained for SD-N-1 and the concentrations found in 
the digestion residues (Table 6.10). Chromium and Ni 
results are not significantly different. Zinc FAAS values 
are approximately 20-30 ppm below respective XRF values. 
All metal results are higher, except Cr and Ni, using 
XRF than FAAS. The results of 1) other analysts (FAAS), 2) 
XRD and XRF analyses of HFjHN03 digestion residues and 3) 
the intercomparison between XRF and FAAS show that the 
digestion residues clearly contain some Pb, Fe, Zn, and Mn. 
Hay (1988) compared Cr, and Ni results between the two 
techniques and also obtained good agreement for both 
metals. 
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APPENDIX 1.0 (Appendix to Chapter 1) 
A1.1 PHASE RELATIONSHIPS BETWEEN SEDIMENT AND HEAVY METALS 
A1.1.1 The Problem of Phase Analysis in Sediments 
Information on chemical partitioning in sediments is 
useful in distinguishing anthropogenic from natural sources 
of heavy metals, and for making predictions on (1) 
bioavailability, (2) transport modelling and (3) potential 
metal remobilisation (Horowitz, 1985). 
The most common method used to study heavy metal 
phases is partial chemical extraction. This method involves 
selective chemical extraction of some or all of the 
following phases (1) ion exchangeable, (2) carbonate, (3) 
reducible (normally Fe and Mn hydroxy compounds), (4) 
oxidisable (usually organic matter or sulphides), and (5) 
residual (lattice bound). A number of sequential extraction 
methods are available. The most common ones are discussed 
in detail by Forstner (1989), Horowitz (1985) and Salomons 
and Forstner (1984). The three step extraction technique 
proposed by Salomons and Forstner (1980) is probably one of 
the most useful chemical techniques for determining phase 
association in sediments (especially surface bound versus 
lattice bound metals). All surface bound metals are removed 
using an initial extraction in acidified hydroxylamine 
hydroxide at pH 2, followed by re-extraction of the 
reads orbed metals with ammonium acetate. Finally the 
residual bound metals are removed using concentrated 
HF/HCI04 acid. This type of extraction is said to avoid 
metal redistribution problems, which are associated with 
the more rigorous methods. 
A1.1.2 Heavy Metal Phase Relationships 
Sediment metal collectors include clay minerals, 
organic matter, Fe and Mn hydroxides, and Fe and Mn 
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sulphides. The ability of substrates to accumulate heavy 
metals in descending order is Mn02 > humic acids > Fe 
oxides > sulphides > clays (Forstner, 1989; Horowitz, 
1985). The order will vary however, depending on the 
physico-chemical character of the sediment environment 
(such as Eh, pH, solute concentration, and solute form). 
The partitioning of heavy metals in these substrates 
seems to be a dynamic process in which substrates compete 
for different metals or metal complexes. Heavy metal 
partitioning is influenced by 1) the absolute and relative 
concentrations of the metals themselves, and 2) the 
relative concentrations of the various substrates. 
Bonding processes in sediments include (1) adsorptive 
bonding, (2) co-precipitation with hydrous Fe and Mn 
oxides, (3) complexation with organic molecules, and (4) 
incorporation into crystalline minerals (Forstner and 
Wittmann, 1981). The particular metal sediment phase found 
generally relates to the prevailing redox and acidity 
conditions of the associated water, as shown by Figs 1.2, 
1.3, and Table 1.3 in Chapter 1.0. 
Resul ts of sequential extraction studies show the 
following, (1) generally the reducible fraction (Fe/Mn 
hydroxy compounds) is the more important phase for metal 
attachment in oxidising sediment environments, (2) the 
oxidisable fraction (organic matter and sulphides) is more 
important in sediments from a reducing environment (such as 
near a sewage outlet), and (3) the lithogenic (residual) 
fraction decreases in relative importance when sediments 
are heavily contaminated (Angelidis and Grimanis, 1989; De 
Souza et al, 1986; Drever, 1982; Gibbs and Angelidis, 
1989; Jordao and Nickless, 1989; Paulson et al., 1988; 
and Stoffers et al, 1986). 
A1.1.3 Heavy Metal Bonding in Sediments 
Over 90% of heavy metals are carried into estuaries 
attached to particulate matter (Salomons and Forstner, 
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1984). The order decreases Al>Fe>Mn>Co>Zn>Ni>Cu>Cd. The 
fine grained substrates that accumulate heavy metals all 
possess the hydroxyl group OH-. The entities that are often 
involved in metal entrainment are therefore (1) Si-OH, Al-
OH2 , Al-OH (clays), (2) Fe-OH, Mn-OH (Fe and Mn hydroxide) 
and (3) OOC-OH, phenol-OH (organic matter). In strongly 
acidic environments these groups will accept a proton and 
become -OH2+ and in strongly alkali environments they will 
lose a proton and become -0-. Therefore, the net charge on 
the surface of substrates will depend strongly on pH. 
Consequently in acid environments the cation exchange 
capacity of substrates is low, due to competition with 
protons (while anion exchange is high), and in alkaline 
conditions the cation exchange capacity is high, due to the 
negative oxide surfaces. The uptake of heavy metals will 
increase from near zero to almost 100% through a pH range 
of 1-2 units for most substrates. The pH at which surface 
charges are zero (called the zero point charge) depends on 
the type of substrate and the prevailing environmental 
conditions. At pH below 3 Si02 , Mn02 , kaolinite, and 
montmorillonite will exhibit negative surface charges, 
whereas Fe oxides and Al oxides surfaces become negative 
well above pH 7 (Drever, 1982; Forstner and wittmann, 1981; 
Salomons and Forstner, 1984). Therefore, in most natural 
aquatic conditions Mn oxides, silica, and clay minerals 
exhibit a greater affinity for heavy metals than Fe(OH)2 
and A1 20 3 . 
with increasing pH, metal adsorption increases in the 
order Ag<Cd<Zn<Cu<Pb. Therefore, Pb and Cu are more 
strongly bonded to surfaces at low pH than Cd and Zn. 
All the processes of heavy metal entrainment in 
sediments, except inert lattice bonding, are reversible 
under changing chemical conditions. However, some studies 
show that with duration of time heavy metals become more 
strongly attached to sediments and are less easily desorbed 
(Salomons and Forstner, 1984). 
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Al.1.3.1 Heavy Metal-Detrital Phase Relationship 
Heavy metal bonding in detrital minerals is determined 
by crystal chemistry of the source rocks, which includes 
properties such as ionic radii and electron configuration 
(Forstner, 1989). Zinc is incorporated in distinct lattice 
positions of biotites and amphiboles where it replaces Fe2+ 
and Mn2+. Potassium in silicate structures of muscovite and 
alkali feldspar may be replaced by Pb during mineral 
formation. Heavy minerals often contain significantly high 
metal concentrations and frequently exhibit a close 
relationship to source rocks on a regional scale. 
Al.l.3.2 Heavy Metal-Clay Phase Relationship 
Clay minerals are fine grained, crystalline, hydrous 
silicates with structures of the layer lattice type. 
Because of their structure clay minerals are effective ion 
exchangers. Generally clay minerals are found in the grain 
sizes below 2-4 Mm. 
The composition of clays usually consists of closely 
packed tetrahedral silicate layers between octahedral 
brucite (Mg(OH)2) and gibbsite (Al(OH)3) layers (Blatt et 
aI, 1980; Drever, 1982). Individual sheets are normally 
held together by van der Waal forces, whereas covalent 
bonds hold the AI 3+, Mg2+, OH-, Si4+, and 02- ions together 
wi thin the layers. Clay minerals consist of different 
combinations of these layers with considerable sUbstitution 
of Al 3+ for Si4+ Mg2+ and Fe2+ while Fe2+ and Al 3+ may " , 
substitute for Mg2+. When a clay particle, such as a 
smectite, is suspended in water some of the interlayer 
cations pass into solution resulting in a negative charged 
framework surrounded by a diffuse cloud of cations in a 
double layer. Generally the double layer consists of one 
layer of ions, more or less, attached to the solid surface 
and an outside more diffuse layer in which ions are free to 
move. cations in the diffuse layer exchange rapidly whereas 
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those in the fixed layer exchange slowly, if at all 
(Drever, 1982). 
In addition to pH, the clay mineral cation exchange 
capacity is dependent on charge imbalances caused by (1) 
broken bonds around the edges of Si-AI units, (2) A1 3+ 
sUbstitution for Si4+ in the tetrahedral layers, and 3) 
divalent ion sUbstitution for A1 3+ in the octahedral layers 
(Forstner and wittmann, 1981). Consequently there may be 
trace metal sUbstitution within the silicate framework as 
well as on the surface. The cation exchange capacity of 
clays increases in the order kaolinite < chlorite < illite 
< vermiculite < montmorillonite, which corresponds to 
decreasing particle size and increasing surface area 
(Forstner and Wittmann, 1981). 
The open structure of three layer type clays 
(montmorillonite, illite, and smectite/illite) also offers 
diffusion type sorption sites where metals may become semi-
irreversibly incorporated into the lattices during 
diagenesis (Helios-Rybicka and Forstner, 1986). This 
behaviour may explain why clay minerals exhibit stronger 
metal bonding over time. 
The principal role of clay minerals in metal 
attachment is to act as mechanical substrates for the 
precipitation and flocculation of organic matter and Fe and 
Mn hydroxy compounds, which are more effective scavengers 
of heavy metals (Horowitz, 1985). 
A1.1.3.3 Organic Matter - Heavy Metal Phase Relationships 
Chemically humic acids appear to be high molecular 
weight polymers with a large number of carboxylic and 
phenolic functional groups (Drever, 1982). Organic matter 
surfaces available for metal uptake can arise in three 
possible ways: (1) from bacteria and algae, (2) from 
breakdown of plant and animal matter, and (3) from lower 
molecular weight organics sorbed on clay surfaces (Calmano 
and Forstner, 1983; Martens and Goldhaber, 1978; Salomons 
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and Forstner, 1984). 
Organic matter can adsorb 1 to 10% dry weight of Co, 
Cu, Fe, Pb, Mn, Mo, Ni, Ag, V, and Zn due to the negative 
charged surfaces of the colloids. The mechanism of 
entrainment involves metal exchange with hydrogen of the OH 
groups which was discussed earlier. Humic acids show a high 
degree of selectivity for divalent ions as opposed to 
monovalent. Organic matter affinity for heavy metals 
generally decreases in the order Pb>Cu>Ni>Co>Zn>Fe 
>Mn>Ba>Ca>Mg>NH4>K>Na (Forstner and Wittmann, 1981; 
Horowitz, 1985). organic matter interacts strongly with 
metals in solution probably through formation of chelate 
type complexes which may increase the solubility of metals 
at higher pH and Eh conditions. Copper-organic complexes 
are particularly common in sediment interstitial waters 
(Aggett and Simpson, 1986). 
A1.1.3.4 Heavy Metal Partitioning with Fe and Mn Hydroxy 
Compounds 
Iron and Mn hydrous oxides and hydroxides are 
ubiquitous in estuarine waters and sediments. Freshly 
precipitated unstable (active) forms are amorphous or 
microcrystalline in nature and arise in air saturated 
environments such as turbidity maxima where rivers enter 
estuaries (Calmano and Forstner, 1983). The oxidation of 
Fe(II) is rapid at neutral pH ranges. The subsequent 
hydrolysis Fe3+ + 3H20 ~ Fe(OH)3 + 3H+ is also rapid. In 
addition, Fe may form complexes with phosphate and organic 
matter. In contrast, the oxidation of Mn(II) to Mn(IV) by 
oxygen (Mn(II) + O2 ~ Mn02 ) is slow and requires more 
alkaline conditions than are needed for Fe oxidation. 
Oxidation to Mn (III) is more rapid. Occasionally some 
phosphate species inhibit the oxidation of Mn while others 
catalyse it. 
Iron and Mn hydroxide precipitates slowly convert to 
stable (inactive) forms with time. What are usually 
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referred to as hydrous ferric oxides or ferric hydroxides 
are most likely poorly crystalline goethite (FeOOH). These 
orange-brown Fe oxides are more commonly attached to 
mineral surfaces than Mn oxides. The black Mn oxides more 
often occur as discrete particles of poorly crystallised 
birnessite or todorokite (both are varieties of manganite) 
which may form silt or sand-sized grains (Drever, 1982; 
Forstner and Wittmann, 1981) . Frequently there is 
sUbstitution of Mn for Fe in goethite, and Fe sUbstitution 
for Mn in Mn oxides (McLaren, 1989). 
Both Mn and Fe hydrous oxides have very large surface 
areas ranging from 200-300 m2 jg, hence they are efficient 
scavengers of heavy metals. Concretions of Mn and Fe 
oxides, commonly found near the sediment water interface, 
may contain up to 0.5% Cu, Ni, and Co adsorbed or co-
precipi tated from overlying water. Heavy metals may be 
sorbed on to Mn and Fe hydroxides by exchange with H+ ions, 
which increases with increase in pH. The degree of metal 
adsorption will depend on metal concentration, hydroxide 
concentration, and heavy metal speciation (Horowitz, 1985). 
Birnessite and todorokite contain slightly less than two 
oxygen atoms per manganese, hence are capable of co-
precipitating at least 10 times as many heavy metals as Fe 
oxides. In some environments metal complexation with C1-
ions and organic ligands may inhibit their adsorption by Fe 
and Mn hydrous oxides. 
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APPENDIX 2.0 (Appendix to Chapter 3) 
A2.1 DESCRIPTIONS OF CORES COLLECTED FROM THE 
AVON-HEATHCOTE ESTUARY, TRAVIS SWAMP, AND 
SALTWATER CREEK ESTUARY. 
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Fine Sand 
Medium Coarse Sand 
Coarse Sandy Gravel 
Mud 
Sandy Mud 
Muddy Sand 
Bioturbated Contact 
Whole Shellfish (living 
or dead) 
Broken Shells 
Black Carbonaceous Streak 
(coal and charcoal dust) 
Fragment of Charcoal 
Wood Fragment 
Decaying Plant Matter 
Zostera nana (eelgrass) 
Leaves 
AHE/1a 
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Active Layer- olive grey muddy 
fine sand 
UNIT D- black, greyish black 
fine sand containing whole 
and broken shells 
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--------------bioturbated contact 
UNIT C- olive grey fine sandy 
mud containg black streaks of 
carbonaceous matter, pieces of 
wood, lumps of charcoal (coal), 
sandy laminations, and muddy 
zones. The sand content 
increases with depth below 72cm. 
--------------gradational contact 
(sharp colour change) 
UNIT B- 84-87cm, black slightly 
muddy fine sand. 87-117cm, massive 
dark grey fine sand. 117-130cm, 
alternating laminations of mud, 
muddy fine sand, and fine sandy 
mud. Laminations grade upwards 
and downwards. 
--------------gradational contact 
UNIT A- grey clear medium sand. 
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Active Layer 
UNIT D- black slightly muddy 
fine sand containing whole 
and broken shells, and pods 
of mud similar in texture to 
Unit C. 
------------- bioturbated contact 
UNIT C- olive grey slightly 
sandy mud containing pods of sand 
similar in texture to Unit D, 
a wood fragment, and 10cm long 
leaves of Zostera nana. 
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UNIT D- grey slightly muddy 
sand containing live and dead 
bivalve shellfish. A black 
horizon occurs at 6-8cm. 
------------- sharp contact 
UNIT C- olive grey muddy 
sand grading to sandy mud with 
with depth. Numerous clumps of 
rooting plant debris (Zostera) 
are present. There are also 
laminations of fine sand. 
(lie 14c sample) 
--------------gradational contact 
UNIT B- dark grey homogeneous 
fine sand with occasional streaks 
of carbonaceous matter and lumps 
charcoal (above 90cm) . 
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275 
UNIT D- dark grey slightly 
greenish bioturbated muddy 
fine sand containing numerous 
live and dead Chione. 
-------------- bioturbated contact 
UNIT C- olive grey slightly 
sandy mud. 
------- gradational contact 
UNIT B- olive grey massive 
slightly muddy very fine 
sand. 90-93cm, olive grey 
mud. 
--------------sharp contact 
UNIT A- dark grey clean, massive 
medium coarse sand with 
occasional peds of mud. The 
sand coarsens with depth. 
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Active Layer 
UNIT D- dark grey muddy 
bioturbated sand containing 
live Chione, broken shells, 
and pads of mud similar to 
Unit C. 
-------bioturbated contact 
UNIT C- olive grey slightly 
muddy sand. 
-------gradational contact 
UNIT B- massive olive grey 
muddy sand; laminated and 
muddier near the contact with 
Unit C; sandier near the 
base of the core. 
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Active Layer 
Homogeneous slightly muddy 
fine sand similar in texture 
to Unit B of other cores. A 
living assemblage of Mactra 
ovata occurs at 20cm. A 
black layer containing 
numerous broken shells occurs 
between 32 and 36cm. A layer 
of brown decaying plant 
matter occurs at 64 to 68cm. 
The sediment is darker in 
colour below 35cm and 
greener towards the surface. 
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UNIT D- dark grey black 
medium fine sand containing 
live shellfish and fragments 
of shells_ 
--------------bioturbated contact 
UNIT~- massive grey blue 
slightly sandy mud containing 
sandy laminations and black 
carbonaceous streaks . 
-------gradational contact 
UNIT B- 87-100cm, laminated 
fine and medium fine sand 
containing streaky black 
layers (coal dust), 100-106cm, 
slightly laminated mud. 
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UNIT D- black slightly muddy 
bioturbated fine sand. 
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bioturbated contact 
(layer of live Mactra ovata 
12 to 16cm) 
UNIT C- olive grey fine sandy 
mud containing laminations of 
fine sand or mud . 
Death assemblage of Mactra 
ovata. 
------ bioturbated contact 
UNIT B- slightly mottled muddy 
fine sand containing muddy 
patches throughout and occasional 
Mactra ovata shells. Unit B 
sediment is bioturbated from 
the base of the core to the 
contact with Unit C. Below 132cm 
muddiness increases and there 
are occasional streaky dark 
layers. 
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UNIT T1- massive light brownish 
grey mottled, weathered, 
slightly indurated, fine to 
very fine sand. Brown streaky 
rootlet structures extend 
through the sediment. 
______ ......l::Igradational contact 
UNIT TZ- light brown slightly 
indurated silty sand containing 
articulated and single Chione. 
(* 14c sample) 
____________ ~gradational contact 
UNIT T3- light brown grey 
mottled weathered very fine 
silty sand with occasional 
Chione shells. 
-------------gradational contact 
UNIT T4- light blue grey soft 
puggy mud. 
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Dark brown Peat. 
sharp contact 
Olive grey brown soft mud 
with rootlets. 
sharp contact 
Olive grey sandy mud. The 
sand content increases with 
depth. 
----___ bioturbated contact 
UNIT B'- dark grey slightly 
muddy fine sand containing 
pads of bioturbated mud. 
sharp contact 
UNIT A'- dark grey medium 
fine sand. 
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Olive grey sandy mud with 
cockle shells . 
Olive grey mud. 
Olive grey and grey black 
bioturbated mud . 
Grey black sandy mud with 
occasional granules. 
Dark grey black mud with 
occasional shells. 
sharp contact 
Grey black muddy medium 
coarse sand with occasional 
granules . 
sharp contact 
Olive grey mud with shells. 
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.-:... 0 01 i ve grey sandy mud. 
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Olive grey coarse sandy mud. 
sharp contact 
Gravel sequence: fining 
upwards containing very coarse 
sand and a little mud. The grains 
are a poorly sorted mixture of 
of angular and rounded granules. 
Coarse muddy sand with granules . 
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Olive grey sandy mud. 
Olive grey slightly weathered 
mUd . 
Muddy medium sand . 
Orange brown very weathered 
muddy coarse sand. 
sharp contact 
Olive grey homogeneous mud. 
--------------sharp contact 
Orange brown very weathered 
muddy fine sand. 
Brown less weathered fine 
sand . 
gradational contact 
Laminated medium grey black and 
light grey mUd. 
Coarse sand with granules. 
Coarse sandy gravel. 
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A2.2 TESTS FOR QUANTIFYING QUARTZ AND ALBITE IN THE CLAY 
FRACTIONS 
The first test involved standard additions of quartz 
standard to 4 subsamples of AHEj1C3 as follows: 0%, 5%, 
10%, 20%. A 
concentration 
concentration 
calibration curve was 
versus peak Height 
in the 0% sample 
constructed using 
( 4.2 5A) , and the 
was obtained by 
extrapolating the curve to zero on the x-axis. 
The second test involved 1 standard addition of quartz 
to several repeats of AHEj1C3 and noting the 
reproducibili ty of traces. The concentration value was 
obtained by extrapolation as in 1) above. 
The third test involved direct comparison of pure 
quartz peaks (100%) with AHEj1C3 quartz peaks. 
The results are presented in Table A2.1. 
Table A2.1 Tests Determining Quartz Concentration in 
AHE/1C3 
Standard Additions 1 Addition Direct Comparison 
12.8 12.8 12 
9.15 7.49 10.8 
8.79 10.4 9.5 
17.5 9.2 10.8 
Mean 12.0±4 9.0±2 10.8±1 
The direct comparison test produced the best 
precision. Normally standard additions would be expected to 
produce better results. However, because only small samples 
were available «0.5g) it was difficult to obtain 
consistent mixing of the quartz standard in each sample, 
hence the poor precision. The direct comparison method was 
adopted for both quartz and albite analyses. 
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A2.3 Lead-210 Dating Method Development 
Test 1 
The first trial involved comparison of 210po 
extraction in concentrated HN03/HCI (Robbins and Edginton 
(1975) with extraction in dilute (2M) HCI, and total 
digestion in concentrated HF/HN03 . 
1) Concentrated Acid Extraction 
Five gram samples of sediment were placed .in BOOml 
beakers with 1ml of 7.7dpm/ml (decays per minute/ml) 20Bpo 
tracer. Twenty five mls of concentrated HN03 and 20ml of 
concentrated HCI were added to each beaker and evaporated 
to dryness twice. To each residue 10 ml of 2M HCI was 
added and filtered and then re-evaporated to near dryness. 
The final residues were taken up in 400 mls of O.5M HCI. 
Ascorbic acid (O.lg) was added to the solutions to complex 
Fe. The solutions were heated to BO-95°C and a polished 
silver disc added with a magnetic stirrer. The 210po and 
20B po were subsequently self plated onto the silver discs 
over 4 hours. (The silver discs were prepared by boiling in 
concentrated HCI, then polished with a metal 
cleaned in detergent, rinsed 
acetone). The radioactivity 
in hot water, 
of 20B po and 
polisher and 
followed by 
210po were 
determined by alpha -spectroscopy and counts per 
(cpm) determined by peak area (20B po , 5.1MeV; 
5. 3MeV) . 
minute 
210po , 
2) Dilute Acid Extraction 
Five grams of sediment and 1ml of 20B po tracer were 
boiled for 2 hours in 100ml of 2M HCI with stirring, then 
filtered and plated onto a silver disc as described above. 
The activities of 20B po and 210po were determined by alpha 
-spectroscopy. The combined recovery and counting 
efficiency (E) of 20B po (20Bpo cpm/ 20Bpo dpm) was 
approximately 5%. 
286 
3) Total Sediment Extraction 
The total 210pb content in the sediment samples used 
in 1) and 2) above was extracted by digestion in 
concentrated RF and RN03 . fi ve gram samples and tracers 
were evaporated 5 times in concentrated RF and 6M RN03 , 
followed by evaporation in 100ml of concentrated RCI. The 
final residues were dissolved in 50ml of 3M RCI and diluted 
to 0.5M RCI and plated as in 1) above. Nuclide activity was 
measured by alpha spectroscopy. 
The results of trials 1), 2), 3) are presented in 
Table A2.2. 
Table A2.2 
Sample 
ARE/1D2 
1D2 
1D2* 
ARE/2C7 
2C7 
ARE/1D3 
1D2 
1D2 
210pb Method Development- Results of Test 1 
Method 
Conca RCI/RN03 
2M RCI 
2M RCI 
Conca RCI/RN03 
2M RCI 
2M RCI 
Total RF/RN03 
Total RF/RN03 
210pb activity (dpm/g) 
0.453 
0.411 
0.041 
0.883 
0.942 
0.520 
1. 323 
1. 384 
Conc.; concentrated. 
*; second extraction of sample 1D2. 
The results show insignificant differences in the 
210po activity yielded by digestion in concentrated 
RCI/RN03 compared with extraction in 2M RCI. Rence, it is 
concluded that repeated evaporations in concentrated acid 
are unnecessary when 2M RCI will extract that same quantity 
of Polonium. The 2M RCI extraction method was preferred for 
this study. The total extractions of sample 1D2 reveal 
mineral 210po activity of (1.353-0.432) 0.922dpm/g. Rence, 
the extractable 210pb activity for sample 1D2 is 32% of the 
total 210po activity. 
Re-analysis of the residue of sample 1D2 (second Po 
extraction in 2M RCI) yielded 0.041dpm/g 210po indicating 
that initial recovery of 210pb is 90%. 
2S7 
Test 2 
Clay particles tend to form sand sized aggregates, 
particularly in muddy samples, which may not disaggregate 
in solution. The second trial involved testing the effect 
of RCI acid (O.l-SM) on milled and unmilled samples. The 
reason this test was carried out was to determine whether 
or not milling samples would reduce or enhance polonium 
extraction. 
Unmilled and milled fractions of sample ARE/1CS were 
extracted with 20Spo for 2 hours in, 0.1 to SM, RCI and 
plated in 0.5M RCI as described in 1) above. The results 
presented in Table A2. 3 show that neither milling nor 
length of extraction (above 1 hour) affects 210po recovery 
at acid strengths below 4M RCI. Above 4M RCI 210pb 
activities increased rapidly as mineral 210pb was extracted 
from the sediment. 
Table A2.3 RCI Extraction of Milled and Unmilled 
Fractions of Sample ARE/1CS 
Milled (M) Acid Extraction 210pb Activity 
Unmilled (U) strength Time dpm/g 
M O.lMolar 1 hour 0.S94 
M 0.1 2 0.744 
U 0.1 2 0.S45 
M 1.0 1 0.913 
U 1.0 1 1. 309 
U 1.0 1 0.561 
U 2.0 1 0.S44 
U 4.0 1 1.131 
U s.o 1 1.632 
M s.o 1 1.477 
Manipulative errors were 5-10% for both tests. 
On the basis of tests 1 and 2 it was decided to adopt 
the following method 1) Analyse 5g samples (milled), 2) add 
1ml of 7.7 dpm/ml 20Spo tracer to each sample before adding 
100ml of 1M RCI and heat for 1 hour at near boiling point, 
with stirring, 3) after extraction filter samples and 
dilute to 0.5M RCI, 4) add O.lg of ascorbic acid to the 
0.5M solution to complex Fe, 5) plate the extracted 20Spo 
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and 2~Opo on pre-cleaned silver discs (see 1) above) for 4 
hours in the O.5M solution, 6) determine radioactivity by 
alpha-spectroscopy (NRL). The assumptions involved in this 
method are that 210po activity is in equilibrium with 210pb 
activity. 
APPENDIX 3 (Appendix to Chapter 4) 
A3.1 TECHNIQUES OF CORRECTING SEDIMENT DATA FOR GRAIN 
SIZE AFFECTS 
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The following discussion will be limited to the most 
commonly employed grain size correction techniques: A) 
grain size separation, B) treatment with dilute acid, C) 
inert mineral correction and D) conservative element 
correction. (Table 4.2, Chapter 4.0). 
A3.1.1. Grain Size Separation 
The ideal method of dealing with the grain size 
distribution problem is to separate out the sand (>63 Mm), 
silt (4-63 Mm (2 Mm)), and clay «4 Mm (2 Mm)) fractions 
and analyse the individual heavy metal contributions from 
each grain size. The main advantage of separating these 
grain size groups is that it requires only a few samples. 
However, separation of all 3 fractions is time-consuming, 
so most workers have chosen to study just one of the 
following fractions; (1) <63 Mm (mud or silt/clay), (2) <20 
Mm, and (3) <4 or <2 Mm (pelitic or clay). (The division 
between silt and clay is preferred to be <4 Mm by most 
geologists and <2 Mm by soils scientists (Lewis, 1982). 
Analysis of the <63 Mm fraction is rapid because this 
fraction can be separated by sieving, hence it is favoured 
by many researchers. In addition, Araujo et (1988), 
Forstner and wittmann (1981) and Taylor (1986) argue for 
the use of the <63 Mm fraction because of its 
recommendation by the World Health organisation (WHO) for 
the following reasons. "1) Trace metals have been found to 
be present in the clay/silt fraction, 2) this fraction is 
most nearly equivalent to the material carried in 
suspension and hence likely to be contaminated, 3) sieving 
does not alter the metal concentration, and 4) numerous 
studies have already been performed on the <63 Mm fraction 
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allowing better comparison of results." 
However, Ackermann et ale (1983) and Nicolaidou and 
Nott (1989) point out that analysis of the <63 ~m fraction 
alone does not account for variation of clay mineral 
content between sediment types or localities. Ackermann and 
co-workers found that Zn concentrations in the 20-60 ~m 
fractions were only 9% of that determined in the <20 ~m 
fraction. These authors favour analysing the <20 ~m 
fraction because it contains a higher percentage of clay 
and is also easily separated by sieving. 
Ideally one should examine the pelitic fraction «4 
~m) because it contains the largest concentration of heavy 
metals and almost the entire contribution from 
anthropogenic sources (Fig. 1.1, Chapter 1). However, this 
method is extremely time-consuming involving weeks of 
settling in tubes and has the risk of metal remobilisation 
if pH changes occur during the separation. Because of the 
effort involved this method is not as commonly employed as 
separation of the <63 ~m, or <20 ~m fractions. 
A3.1.2. Treatment with Dilute Acid 
Leaching of bulk sediment samples with cold 0.1-.05 M 
HCI is reported to remove only the mobile heavy metals 
bound to substances on the surface of the sediments. Data 
obtained this way typically compares well with data 
obtained by clay fraction separation. Generally, this 
method provides a rapid inexpensive way of establishing the 
gross degree to which sediments have been contaminated. 
A3.1.3. Inert Mineral correction 
There is normally a direct correlation between mean 
grain size and quartz, feldspar and carbonate content 
(Forstner, 1989; Horowitz, 1985). As grain size decreases 
the concentration of these minerals decreases, with only 
minor concentrations present in the pelitic fraction. 
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Inert mineral corrections (IMC) are normally carried out 
for one of the above three minerals using the following 
formula: IMC = Total metal concentration x 100/(100-% inert 
mineral). This correction technique usually provides a 
reasonable assessment of the metal concentration in the 
fine particles. In sediments that contain high proportions 
of quartz, feldspar, and carbonate all three should be 
included in the correction calculation. Most techniques for 
quantifying these minerals (X-ray Diffraction and 
Petrography) are semi-quantitative and only provide rough 
corrections for accurately determined heavy metal data. 
Consequently, calculations of percentage inert minerals are 
often not comparable between different analysts and 
different localities. 
A3.1.4. Conservative Element Correction 
Conservative elements (including AI, Fe, Cs, Sc, Rb, 
Sm, Th, and Ti) are assumed to have a uniform flux to 
sediment, which is not affected by anthropogenic 
influences. Hence, a ratio of conservative element to 
contaminant (such as Cu, Zn, Pb, Ni, Cr, Cd) is a useful 
way of determining heavy metal enrichment. The most common 
conservative elements, used in studies, are AI, Fe, and Ti. 
The enrichment factors (EF) are calculated from the 
following formula: 
where Ms and Als are the trace metal and Al concentrations 
in the sediment of interest, while Ma and Ala are their 
respective concentrations in a suitable baseline sample. 
Conservative element correction has the advantage that 
only a few samples are required. 
292 
A3.2 RAW DATA FROM HEAVY METAL ANALYSES OF CORES 
Table A3.1 Heavy Metal and Organic Matter Concentrations in Sand Fractions 
of cores AHE/1a 2a, 3a and 3b 
AHE/1a Oepth Pb CU Ni Zn Mn 
sample cm ~g/g ~g/g ~g/g ~g/g ~g/g 
101 1.00 7.23 3.99 11.90 28.80 51.80 
102 4.00 7.23 3.99 11.90 28.80 51.80 
103 8.00 7.83 4.79 11.90 29.10 51.70 
104 12.00 9.23 4.32 12.50 58.10 55.40 
1C1 33.00 8.83 4.10 11.80 19.10 54.00 
1C2 37.00 7.53 4.62 11.80 20.20 50.30 
1C7 58.00 7.13 3.99 12.40 18.20 53.30 
1C8 62.00 8.03 5.22 13.80 21.50 58.40 
1C13 81.00 6.93 3.72 13.20 20.30 63.00 
1B1 83.00 10.13 3.53 14.30 23.10 74.10 
1B2 87.00 8.43 5.17 15.30 23.90 59.50 
1B9 116.00 4.13 6.12 11.60 21.40 35.70 
1A1 133.00 6.53 6.48 13.10 20.00 47.20 
AHE!2a 
201 2.00 3.23 3.69 8.30 18.90 30.60 
202 6.00 9.03 5.33 11.30 25.90 50.80 
203 11.00 3.53 3.69 8.10 19.50 30.20 
2C1 16.00 5.13 5.93 11.10 16.60 44.90 
2C2 20.00 5.73 6.16 12.40 28.10 49.90 
2C5 32.00 4.33 5.66 10.40 14.50 47.90 
2C10 52.00 6.23 5.58 11.60 30.10 50.80 
2C12 60.00 3.63 4.67 10.10 14.00 50.50 
2C15 72.00 2.23 3.49 8.30 27.50 32.80 
2C16 77.00 2.95 3.43 7.46 18.70 39.80 
2C17 82.00 5.63 4.99 11.10 22.50 47.90 
2B1 86.00 2.90 3.29 7.76 18.10 37.60 
2B2 90.00 2.93 3.21 8.60 19.20 33.20 
AHE/3a and b 
3a01 2.00 
3a02 7.00 
3a03 12.00 
3a04 
3a05 
3aC1 
3aB1 
3aB2 
3B3 
3aB13 
3bD4 
3bC1 
17.00 
22.00 
27.00 
32.00 
37.00 
42.00 
92.00 
14.00 
27.00 
7.44 
8.60 
4.76 
2.69 
7.38 
3.44 
4.01 
4.87 
2.34 
3.28 
8.77 
4.72 
16.00 
14.40 
8.40 
6.74 
6.64 
4.59 
4.00 
5.60 
3.63 
5.29 
9.82 
3.97 
9.95 28.80 56.20 
9.92 29.00 53.50 
8.77 25.50 32.20 
7.86 22.40 31.20 
8.36 23.60 55.50 
8.48 22.50 34.50 
8.06 21.90 10.30 
9.50 22.90 54.40 
8.12 18.70 32.30 
11.45 20.30 63.30 
9.79 27.30 44.00 
8.11 21.20 51.30 
Fe Cr ORG 
% ~g/g % 
1.09 18.80 1.10 
1.09 18.80 1.10 
1.09 19.50 1.00 
1.06 17.30 1.10 
1.02 17.20 1.40 
1.11 19.70 1.60 
1.13 20.10 1.60 
1.34 21.10 1.80 
1.28 21.90 1.40 
1.18 20.50 1.30 
1.36 24.20 1.30 
1.28 24.80 1.74 
1. 11 20.90 .93 
1.06 20.90 1.73 
.52 22.50 .93 
1.04 18.50 2.02 
1.56 27.40 3.84 
1.21 26.20 2.06 
1.44 26.30 2.44 
1.08 23.60 .83 
1.19 24.50 1.91 
.98 18.70 1.60 
1.14 21.70 1.27 
.89 21.70 .68 
1.20 21.90 1.06 
.92 17.60 1.39 
1.37 32.00 
1.40 30.20 
1.17 26.40 
1.15 
1.50 
1.18 
1.70 
1.44 
1.21 
1.64 
1.32 
1.35 
25.20 
25.80 
24.70 
25.70 
27.10 
24.00 
29.10 
26.90 
24.20 
1.57 
1.51 
1.22 
1.21 
1.66 
1.55 
.98 
1.31 
1.09 
1.54 
1.38 
1.34 
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Table A3.2 Heavy Metal and Organic Matter Concentrations in Sand Fractions 
of cores AHE/5 and 6, TS/1 and 3, and SWC/1 and 2 
AHE/5 
Sample 
501 
50-C1 
50-C2 
5C1 
5C4 
5C10 
5C18 
5B1 
5B2 
5B5 
AHE/6 
601 
6D2 
603 
60-C1 
6C1 
6C3 
6C-B1 
6C-B2 
6C-B5 
6B22 
TS/1 
T1 
T2 
TS/3 
T12 
T13 
T14 
T15 
SWC/1 
S1/1 
S1!2 
S1/3 
S1/4 
S1/5 
S1/6 
S1/10 
S1/11 
S1/12 
S1/17-18 
SWC/2 
S2!2 
S2/5 
S2/8 
S2/13 
S2/25 
Depth Pb CU Ni Zn Mn 
cm ~g/g ~g/g ~g/g ~g/g ~g/g 
2.00 6.68 4.18 7.97 27.00 33.90 
6.00 1.87 3.87 -7.19 20.80 46.90 
10.00 1.89 3.67 6.64 17.50 40.50 
18.00 3.35 3.70 6.56 15.60 31.10 
30.00 2.76 8.43 13.60 27.80 54.30 
54.00 3.11 10.20 12.90 24.60 53.80 
85.00 3.35 10.20 11.10 29.20 71.10 
90.00 .31 6.68 9.91 20.20 40.40 
94.00 .95 6.19 9.84 20.40 44.20 
105.00 2.25 9.22 12.30 24.90 55.00 
2.00 8.16 12.00 9.94 40.20 45.90 
6.00 8.69 13.00 9.82 42.80 40.60 
10.00 10.00 9.45 9.44 45.00 46.40 
14.00 12.80 9.95 9.41 49.40 43.50 
22.00 6.84 5.60 6.81 34.20 52.30 
30.00 5.06 4.50 7.73 22.00 39.00 
42.00 4.13 3.29 7.33 18.20 46.90 
46.00 4.44 2.82 7.03 18.40 34.00 
58.00 4.72 2.95 6.70 20.70 45.00 
146.00 1.91 2.99 7.46 18.30 37.70 
30.00 
65.00 
47.00 
53.00 
57.00 
63.00 
2.00 
6.00 
8.00 
11.00 
13.00 
16.00 
26.00 
28.00 
31.00 
47.00 
2.00 
5.00 
13.00 
21.00 
41.00 
1.55 
3.03 
2.41 
2.57 
2.70 
2.62 
3.11 
3.66 
3.45 
3.74 
3.64 
3.48 
1.58 
2.81 
3.14 
1.89 
3.75 
3.75 
3.42 
3.15 
2.85 
2.87 
3.00 
4.95 
5.72 
5.49 
5.62 
3.08 
2.87 
3.37 
3.87 
4.55 
3.40 
4.85 
4.37 
4.31 
4.02 
6.25 
6.94 
7.62 
7.62 
14.20 
11.60 21.20 
14.00 19.20 
5.34 18.50 
6.15 22.30 
6.27 19.60 
6.10 19.30 
5.55 15.00 
4.66 15.90 
4.92 15.10 
5.70 16.00 
5.90 16.00 
5.52 14.60 
8.21 17.90 
7.18 21.40 
5.86 18.70 
6.93 18.50 
6.66 25.60 
7.05 26.20 
8.38 25.70 
7.71 23.90 
9.32 27.20 
27.10 
39.00 
43.40 
32.40 
36.40 
37.80 
33.50 
49.20 
29.80 
34.00 
34.70 
33.30 
37.80 
33.00 
32.90 
38.00 
38.70 
45.10 
45.20 
43.00 
34.50 
Fe Cr ORG 
% ~g/g % 
1.08 23.20 .86 
1.13 22.10 .87 
.96 19.80 .99 
.95 18.60 1.01 
1.33 27.10 1.71 
1.78 32.10 2.30 
1.83 31.20 2.28 
1.57 30.00 1.78 
1.45 28.90 1.48 
1.86 33.10 2.20 
1.26 35.40 1.39 
1.29 36.30 7.64 
1.19 34.80 1.32 
1.27 33.90 1.66 
.72 26.80 1.23 
1.09 26.00 1.00 
.98 23.10 .96 
1.02 22.20 .96 
1.03 21.80 .97 
.87 24.50 1.31 
.83 
1.06 
.90 
1.36 
1.07 
1.06 
.81 
.82 
.75 
.75 
.81 
.74 
1.32 
.96 
1.05 
1.00 
1.05 
1.48 
1.40 
1.14 
1.34 
19.20 
20.10 
16.50 
17.10 
18.40 
20.60 
15.80 
14.70 
14.70 
15.10 
15.10 
15.30 
22.80 
19.10 
19.60 
22.10 
19.10 
19.40 
21.20 
21.80 
27.10 
1.20 
1.35 
1.28 
1.03 
1.08 
1.06 
.91 
.73 
.75 
.81 
.96 
.80 
1.34 
1.08 
1.09 
1.09 
1.05 
1.11 
1.20 
1.27 
2.55 
Table A3.3 Heavy Metal and Organic Matter Concentrations in Silt Fractions 
of cores AHE/1a, 2a, 3a, and 3b 
AHE/1a 
Sample 
101 
102 
103 
104 
1C1 
1C2 
1C7 
1C8 
1C13 
1B1 
1B2 
1B9 
AHE/2a 
201 
202 
203 
2C1 
2C2 
2C5 
2C10 
2C12 
2C15 
2C16 
2C17 
2B1 
2B2 
Oepth Pb CU N i Zn Mn 
cm ~g/g ~g/g ~g/g ~g/g ~g/g 
1.00 17.80 10.90 12.50 53.50 53.50 
4.00 12.00 8.32 12.90 50.30 65.00 
8.00 18.60 8.54 15.50 101.30 88.60 
12.00 24.90 10.50 17.20 83.20 63.80 
33.00 16.40 8.24 9.80 16.60 61.00 
37.00 8.40 10.70 9.70 17.60 60.90 
58.00 5.30 7.90 10.40 16.80 59.20 
62.00 14.60 12.10 24.80 75.90 
81.00 12.90 7.33 14.50 36.80 80.60 
83.00 17.60 11.10 19.60 43.70 100.00 
87.00 27.50 24.10 20.10 50.10 115.00 
116.00 8.70 15.90 11.40 66.90 76.80 
2.00 3.20 47.50 12.60 35.70 56.80 
6.00 13.90 14.00 14.40 39.50 86.50 
11.00 2.60 32.00 11.00 30.70 54.80 
16.00 2.68 7.54 9.10 28.40 50.60 
20.00 3.60 10.30 10.70 28.90 66.70 
32.00 1.52 7.36 11.60 31.00 52.40 
52.00 6.30 12.20 11.80 42.80 77.30 
60.00 .34 6.22 8.88 23.20 54.90 
72.00 7.20 18.20 12.50 59.40 84.70 
77.00 7.71 9.40 10.70 32.90 73.00 
82.00 8.80 14.70 14.30 37.40 83.80 
86.00 8.57 15.90 15.60 47.90 93.80 
90.00 11.00 25.30 12.00 42.30 61.70 
AHE/3a and b 
3a01 2.00 
3a02 
3a03 
3a04 
3a05 
3aC1 
3aB1 
3aB2 
3aB3 
3aB13 
3bD4 
3bC1 
7.00 
12.00 
17.00 
22.00 
27.00 
32.00 
37.00 
42.00 
92.00 
14.00 
27.00 
8.94 
9.62 
9.95 
4.45 
5.67 
2.75 
5.41 
14.50 
20.60 
4.50 
11. 70 
5.00 
17.80 
16.70 
15.20 
8.92 
10.10 
6.30 
23.20 
21.90 
57.60 
13.40 
18.90 
7.14 
16.80 
15.80 
13.40 
9.61 
12.20 
7.62 
13.10 
15.10 
17.60 
15.50 
15.20 
10.50 
67.10 82.00 
60.70 82.40 
52.00 57.50 
38.60 62.80 
44.20 91.40 
23.20 48.80 
41.80 81.60 
42.60 106.00 
62.00 145.00 
35.00 115.00 
67.70 84.20 
33.90 71.10 
Fe Cr 
% ~g/g 
1.20 36.00 
1.56 39.20 
1.67 46.20 
1.75 48.30 
1.46 49.50 
1.43 
1. 70 
1.85 
2.19 34.50 
2.39 41.40 
2.88 38.50 
1.55 30.20 
1.79 36.30 
1.85 36.30 
1.04 32.40 
1.39 29.70 
1.06 32.40 
1.64 32.70 
2.00 34.90 
1.37 31.30 
1.99 36.20 
1.84 34.10 
2.04 38.80 
2.61 40.30 
1.68 34.70 
2.43 
2.09 
1. 75 
1.49 
2.21 
1.44 
2.34 
2.83 
4.53 
2.40 
2.48 
1.67 
58.20 
58.10 
52.80 
35.90 
39.10 
28.80 
36.40 
38.40 
44.80 
41.70 
69.30 
41.60 
ORG 
% 
1. 70 
1.80 
1.90 
2.50 
1.65 
1.50 
1. 70 
1.80 
2.20 
2.80 
2.20 
2.23 
4.47 
2.75 
3.34 
1.68 
1.96 
2.15 
2.43 
1.90 
4.26 
2.33 
1.46 
2.36 
3.43 
2.94 
2.71 
2.21 
1.64 
2.58 
1.46 
1.78 
2.14 
2.53 
2.42 
2.64 
1.90 
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Table A3.4 Heavy Metal and Organic Matter Concentrations in Silt Fractions 
of cores AHE/5 and 6, TS/1 and 3, and SWC/1 and 2 
AHE/5 
Sample 
Depth Pb Cu Ni Zn Mn 
cm ~g/g ~g/g ~g/g ~g/g ~g/g 
5D1 
5D-C1 
5D-C2 
5C1 
5C4 
5C10 
2.00 10.60 16.80 12.40 73.10 79.40 
6.00 8.14 11.50 7.80 101.00 57.30 
10.00 5.22 5.80 6.20 65.20 54.60 
18.00 3.85 5.42 7.30 12.30 59.70 
30.00 2.40 7.31 11.50 27.80 61.00 
54.00 3.34 8.49 10.00 31.20 60.80 
5C18 
5B1 
5B2 
5B5 
85.00 3.98 11.70 12.20 34.70 70.70 
90.00 20.20 12.10 18.40 51.70 150.00 
94.00 8.74 11.50 11.90 34.70 63.20 
105.00 2.95 10.80 11.90 33.30 67.80 
AHE/6 
6D1 
6D2 
6D3 
2.00 20.80 29.50 11.60 72.50 45.60 
6.00 16.60 30.20 12.80 74.10 49.20 
10.00 22.30 26.80 11.40 73.20 43.00 
6D-C1 
6C1 
6C3 
6C-B1 
6C-B2 
6C-B5 
6B22 
14.00 14.10 18.60 9.90 64.50 46.20 
22.00 6.40 8.42 9.13 41.90 39.50 
30.00 4.63 5.80 9.22 33.40 41.70 
42.00 4.82 6.20 11.30 37.40 55.40 
46.00 4.74 7.02 12.10 38.70 50.90 
58.00 5.19 8.98 11.10 40.70 59.00 
146.00 7.95 8.14 11.30 39.40 48.50 
TS/1 
T1 53.00 
T2 70.00 
T3 83.00 
T4 100.00 
T4 100.00 
TS/3 
T12 47.00 
T13 53.00 
T14 57.00 
T15 63.00 
SWC/1 
S1/1 2.00 
S1/2 6.00 
S1/3 8.00 
S1/4 11.00 
S1/5 13.00 
S1/6 16.00 
S1/10 26.00 
S1/11 28.00 
S1/12 31.00 
S1/17-18 47.00 
SWC/2 
S2/2 2.00 
S2/5 5.00 
S2/8 13.00 
S2/13 21.00 
S2/25 41.00 
UD; undetectable 
UD 
UD 
UD 
11.00 
UD 
UD 
UD 
UD 
UD 
2.05 
2.36 
2.31 
2.72 
UD 
UD 
3.20 
UD 
UD 
UD 
UD 
UD 
UD 
UD 
4.46 10.50 14.80 40.40 
4.79 11.40 18.80 45.90 
7.69 16.00 18.80 48.80 
8.48 16.00 43.40 72.50 
18.80 32.30 46.80 121.00 
6.59 15.10 24.00 34.50 
6.34 13.90 20.50 25.60 
7.73 15.30 24.20 24.00 
8.17 16.20 25.20 29.70 
6.26 8.58 24.00 20.50 
6.29 9.39 26.60 27.60 
6.57 9.72 21.70 18.30 
7.28 10.70 28.80 26.50 
7.55 11.00 26.50 15.80 
9.22 12.00 27.90 14.90 
7.20 10.70 25.40 17.60 
8.03 11.10 29.20 26.10 
8.78 11.80 26.40 17.30 
7.80 9.75 25.60 43.00 
8.99 15.80 32.50 46.20 
9.13 17.10 33.50 40.60 
8.59 16.50 33.00 40.40 
10.70 19.10 31.30 26.10 
10.80 18.80 31.60 36.10 
Fe Cr 
% ~g/g 
2.10 43.40 
1.74 29.60 
1.50 25.70 
1.69 25.30 
1. 73 29.70 
1.86 32.20 
2.16 35.20 
2.34 34.40 
2.13 34.30 
2.13 34.30 
2.18 61.70 
2.46 66.60 
2.18 57.30 
2.26 42.60 
1. 70 31.70 
1.64 31.20 
2.07 35.40 
2.30 36.40 
2.56 37.50 
2.65 37.30 
1.34 
1.38 
1.48 
1.85 
1.38 
1.46 
1.44 
1.50 
1.52 
1.59 
1.72 
1.74 
2.19 
2.08 
2.47 
2.22 
2.29 
2.42 
1.57 
1.40 
1.53 
1.44 
1.59 
1.46 
27.60 
26.90 
25.10 
36.10 
35.90 
29.10 
28.50 
30.30 
32.90 
25.50 
28.20 
29.80 
33.00 
32.30 
36.40 
31.80 
22.50 
34.10 
36.50 
28.20 
31.10 
28.60 
37.50 
36.70 
ORG 
% 
2.32 
1. 70 
1.36 
1.43 
1.60 
1.65 
2.14 
1.98 
1.89 
2.97 
3.10 
2.97 
2.62 
1.86 
1.69 
1.96 
2.01 
2.05 
2.23 
1. 70 
1.81 
2.04 
2.00 
1.95 
1.40 
1.31 
1.42 
1.49 
1.53 
1.68 
1.65 
1.84 
1.90 
2.22 
1.80 
1.98 
2.01 
1.99 
1.27 
1.46 
1.45 
1.92 
1.86 
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Table A3.5 Heavy Metal and Organic Matter Concentrations in Clay Fractions 
of cores AHE/1a, 2a, 3a, and 3b 
AHE/1a Oepth Pb Cu Ni Zn Mn 
sample em ~g/g ~g/g ~g/g ~g/g ~g/g 
101 1.00189.00 96.00 72.10540.00340.00 
102 4.00 128.00 65.60 52.10 434.00 288.00 
103 8.00 127.00 53.40 56.70 435.00 235.00 
104 12.00 169.00 55.20 72.90 612.00 252.00 
1e1 33.00 65.90 49.80 52.60 237.00 286.00 
1e2 37.00 22.50 54.60 39.50 118.00 201.00 
1e4 45.50 21.40 15.20 19.10 105.00 266.00 
1e6 54.50 19.10 18.30 22.40 112.00 278.00 
1e7 58.00 26.10 102.00 227.00 
1e8 62.00 23.80 103.00 195.00 
1e10 70.50 26.40 14.90 20.60 94.00 226.00 
1e12 78.50 38.30 18.70 19.40 104.00 223.00 
1e13 81.00 84.60 33.10 53.20 162.00 299.00 
1B1 83.00 210.00 63.60 84.80 424.00 473.00 
1B2 
1B7 
1B9 
1B10 
AHE!2a 
201 
202 
203 
2e1 
2e2 
2e5 
2e10 
2e12 
2e15 
2e16 
2e17 
2B1 
2B2 
AHE/3a 
3a01 
3a02 
3a03 
3a04 
3a05 
3ae1 
3aB1 
3aB2 
3aB3 
3aB13 
AHE/3b 
3bD1 
3bD4 
3be1 
3bB7 
3bB13 
87.00 161.00 69.00 150.00 404.00 659.00 
108.50 49.00 38.30 29.50 162.00 321.00 
116.00 43.70 35.80 131.00224.00 
120.00 37.70 50.00 31.80 150.00 310.00 
2.00 52.00 60.00 30.00 130.00 180.00 
6.00 56.90 77.90 30.80 144.00 189.00 
11.00 43.30 49.80 27.00 105.00 182.00 
16.00 51.60 27.30 33.30 181.00 248.00 
20.00 43.40 30.10 26.40 92.60 185.00 
32.00 41.20 21.60 26.90 147.00 222.00 
52.00 39.80 27.90 24.60 84.30 181.00 
60.00 44.00 25.40 26.60 162.00 269.00 
72.00 23.90 39.80 21.90 83.80 175.00 
77.00 31.20 33.20 39.50 152.00 265.00 
82.00 47.30 32.30 30.40 98.60 202.00 
86.00 163.00 83.50 53.40 382.00 549.00 
90.00 82.80 45.70 28.60 133.00 182.00 
2.00 28.50 56.10 55.70 340.00 190.00 
7.00 40.10 50.30 49.20 321.00 185.00 
12.00 83.90 61.80 54.80 398.00 235.00 
17.00 124.00 54.70 50.60 399.00 251.00 
22.00 25.10 36.90 39.30 249.00 201.00 
27.00 38.00 31.40 37.20 223.00 263.00 
32.00 123.00 74.60 44.20 356.00 437.00 
37.00 113.00 60.40 50.00 277.00 529.00 
42.00 257.00 215.00 63.60 158.00 730.00 
92.00 36.50 32.40 43.50 126.00 280.00 
2.00 41.80 49.20 47.00 278.00 225.00 
14.00 49.60 55.70 48.70 306.00 242.00 
27.00 27.50 31.60 34.70 191.00 266.00 
54.00 251.00 236.00 102.00 535.00 916.00 
77.00 184.00 148.00 56.20 416.00 671.00 
Fe Cr ORG 
% ~g/g % 
6.59 196.00 10.00 
5.78 208.00 9.00 
5.14 191.00 8.20 
6.30 202.00 9.10 
5.12 73.90 7.10 
4.49 73.90 6.00 
4.45 78.50 5.97 
4.47 84.90 6.02 
4.56 84.90 6.00 
4.22 72.00 6.00 
4.39 77.90 4.87 
5.30 75.20 5.68 
7.50 93.80 6.90 
6.31 81.40 8.50 
5.57 
4.26 89.70 
4.37 73.70 
4.91 84.60 
4.90 80.00 
4.73 77.50 
4.06 69.40 
5.01 103.00 
3.46 74.50 
5.32 88.60 
4.08 63.00 
5.22 89.60 
4.26 64.80 
4.82 93.30 
9.48 70.90 
10.30 99.70 
4.89 69.40 
4.54 194.00 
4.55 151.00 
5.35 227.00 
5.28 201.00 
5.30 122.00 
4.37 106.00 
6.20 132.00 
5.57 121.00 
9.63 109.00 
5.86 96.80 
2.31 206.00 
1.32 185.00 
2.14 109.00 
9.41 122.00 
7.11 134.00 
7.20 
5.56 
5.49 
5.69 
9.10 
8.11 
7.72 
6.37 
5.70 
5.47 
5.60 
6.71 
8.04 
6.27 
7.10 
7.29 
9.26 
8.70 
8.00 
6.54 
6.87 
7.30 
6.74 
6.96 
8.10 
7.11 
7.40 
8.80 
8.50 
7.30 
10.00 
9.80 
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Table A3.6 Heavy Metal and Organic Matter Concentrations in Clay Fractions 
of cores AHE/5 and 6, T5/1 and 3, and 5WC/1 and 2 
AHE/5 
5ample 
501 
5D-C1 
5D-C2 
5C1 
5C4 
5C10 
5C18 
5B1 
5B2 
5B5 
AHE/6 
6D1 
6D2 
6D3 
6D-C1 
6C1 
6C3 
6C-B1 
6C-B2 
6C-B5 
6B22 
T5/1 
T1 
T2 
T3 
T4 
T5/3 
T12 
T13 
T14 
T15 
5WC/1 
51/1 
51!2 
51/3 
51/4 
51/5 
51/6 
51/10 
51/11 
51/12 
51/17-18 
5WC/2 
52/2 
52/5 
52/8 
52/13 
52/25 
52/26 
Depth Pb Cu N i Zn Mn 
cm ~g/g ~g/g ~g/g ~g/g ~g/g 
2.00 92.00 74.40 61.00 303.00 297.00 
6.00 55.40 44.30 59.80 206.00 290.00 
10.00 31.20 34.20 38.90 129.00 317.00 
18.00 21.50 21.60 27.00 117.00 316.00 
30.00 42.40 32.60 57.80 133.00 267.00 
54.00 47.20 44.90 45.60 124.00 274.00 
85.00 49.20 37.70 41.00 147.00 297.00 
90.00 43.40 43.20 40.40 135.00 276.00 
94.00 66.40 50.90 46.50 150.00 286.00 
105.00 58.10 54.60 74.20 395.00 293.00 
2.00 140.00 124.00 33.20 462.00 290.00 
6.00 151.00 95.60 51.20 516.00 283.00 
10.00 139.00 90.90 35.80 491.00 265.00 
14.00 106.00 54.40 25.20 431.00 252.00 
22.00 88.70 62.00 31.00 682.00 273.00 
30.00 58.10 41.00 26.90 348.00 265.00 
42.00 36.30 21.80 32.60 226.00 242.00 
46.00 31.20 19.60 30.00 239.00 233.00 
58.00 36.20 28.90 24.70 171.00 273.00 
146.00 36.50 22.80 24.90 154.00 218.00 
53.00 
70.00 
83.00 
100.00 
47.00 
53.00 
57.00 
63.00 
2.00 
6.00 
8.00 
11.00 
13.00 
16.00 
26.00 
28.00 
31.00 
47.00 
2.00 
5.00 
13.00 
21.00 
41.00 
43.00 
23.20 
31.90 
21.10 
40.80 
37.80 
36.60 
34.30 
41.30 
17.80 
18.80 
11.30 
12.70 
18.40 
14.10 
9.68 
18.90 
22.90 
13.50 
30.20 
36.10 
53.50 
43.00 
31.50 
33.00 
28.10 
30.50 
22.20 
27.10 
17.70 
16.40 
16.60 
24.70 
28.70 
25.70 
24.90 
25.80 
30.90 
31.80 
35.10 
36.40 
40.00 
28.30 
25.70 
31.00 
38.70 
40.10 
47.90 
45.90 
29.80 
34.60 
20.80 
15.90 
39.50 
40.90 
30.30 
34.00 
33.20 
34.50 
31.00 
31.80 
32.20 
42.70 
37.50 
43.70 
43.30 
29.80 
27.70 
41.50 
42.60 
33.00 
40.70 
45.20 
67.40 
89.60 
56.60 
54.00 
128.00 
109.00 
101.00 
103.00 
106.00 
101.00 
99.50 
102.00 
116.00 
115.00 
110.00 
116.00 
121.00 
101.00 
113.00 
121.00 
140.00 
124.00 
116.00 
119.00 
154.00 
189.00 
131.00 
122.00 
268.00 
231.00 
201.00 
216.00 
234.00 
224.00 
226.00 
225.00 
271.00 
263.00 
256.00 
251.00 
313.00 
240.00 
254.00 
301.00 
316.00 
200.00 
176.00 
216.00 
Fe Cr 
% ~g/g 
4.02 118.00 
4.55 101.00 
4.05 85.60 
3.82 76.70 
4.16 81.40 
4.34 79.70 
4.22 79.60 
4.60 81.80 
4.52 79.80 
4.91 83.80 
5.10 182.00 
5.61 188.00 
5.27 169.00 
4.67 121.00 
4.45 102.00 
4.16 96.10 
4.06 84.60 
4.25 85.90 
4.04 83.90 
4.18 88.30 
5.01 
5.51 
4.10 
4.03 
5.28 
5.48 
4.44 
4.65 
3.55 
3.78 
3.50 
3.91 
4.42 
4.58 
4.71 
4.49 
4.55 
3.64 
4.21 
5.43 
5.70 
5.20 
4.18 
4.32 
99.50 
64.50 
56.20 
40.90 
91.80 
85.30 
79.30 
82.20 
86.50 
84.50 
83.70 
89.00 
93.00 
95.60 
91.90 
95.60 
95.30 
94.40 
85.60 
97.30 
109.00 
99.60 
103.00 
99.40 
ORG 
% 
6.98 
6.14 
5.29 
4.15 
4.69 
4.67 
5.29 
5.17 
5.28 
5.29 
7.73 
7.54 
7.63 
6.74 
6.51 
5.37 
4.82 
5.27 
4.52 
5.18 
5.66 
4.22 
4.50 
5.19 
4.39 
3.82 
4.24 
5.61 
5.36 
5.39 
5.23 
6.14 
6.23 
6.53 
6.87 
6.56 
5.95 
5.21 
5.36 
5.93 
6.69 
6.71 
6.14 
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Table A3.7 Heavy Metal and Organic Matter Concentrations in Total Sediment 
Samples from cores of this Study 
AHE/1a Oepth Pb CU Ni Zn Mn 
cm ~g/g ~g/g ~g/g ~g/g ~g/g 
102 4 17.2 4.81 13.7 28.7 47.8 
103 8 20.5 4.73 14.4 31.9 70.3 
104 12 18.2 4.96 12.4 26.1 43.2 
10-C1 17 8.75 3.19 ·8.43 39.6 52 
1C1 33 16.8 5.34 14.5 19.1 54.2 
1C1 33 21.3 8 15.3 35.8 133 
1C2 37 22.7 6.69 17.8 26.7 78.2 
1C2 37 6.62 4.67 8.39 31.3 65.4 
1C2 37 12.3 9.63 15.5 39.9 196 
1C3 
1C4 
1C7 
1C8 
1C13 
1B1 
1B2 
1A1 
TS/1 
T1 
T2 
AHE/4 
4/1 
4/2 
4/3 
4/4 
4/5 
4/6 
4/7 
4/8 
4/9 
4/10 
4/11 
4/12 
4/13 
4/14 
4/15 
4/16 
4/18 
AHE/2a 
203 
2C1 
2C10 
2B1 
AHE/3a 
3a02 
3a03 
3aC1 
3aB1 
SWC/1 
S1/1 
s1/3 
S1/4 
S1/5 
42 
46 
58 
62 
81 
83 
87 
133 
30 
65 
2 
6 
10 
14 
18 
22 
26 
30 
34 
38 
42 
46 
50 
54 
58 
62 
69 
11 
16 
52 
86 
7 
12 
27 
32 
2 
8 
11 
13 
15.2 
43.4 
19.6 
22 
7.3 
7.13 
7.23 
7.73 
4.83 
4.03 
2.73 
3.43 
1.93 
2.73 
3.33 
4.53 
4.73 
4.63 
3.73 
4.23 
5.63 
6.13 
3.13 
3.23 
2.43 
.53 
5.33 
5.33 
6.64 
7.6 
5.74 
10.3 
8.06 
9.06 
4.64 
2.77 
2.73 
7.08 
1.82 
11.2 
10.7 
6.79 
7.6 
6.41 
5.21 
6.72 
4.32 
5.16 
5.43 
3.34 
2.83 
2.68 
3.15 
3.33 
3.4 
3.53 
3.56 
3.72 
3.56 
3.63 
3.7 
3.11 
2.59 
3.08 
2.88 
3.82 
5.36 
7.89 
7.47 
4.46 
16.1 
13.6 
7.73 
6.69 
8.6 
8.97 
10.8 
12.5 
15.4 
14.6 
16.8 
20.1 
14.8 
15.2 
15 
12.8 
16.4 
17.3 
19 
18.3 
17.7 
21.6 
8.2 
8.4 
8.7 
8.9 
9.4 
8.9 
9.3 
9.2 
21.3 
18 
18.6 
16.2 
22.2 
9.38 
11.1 
11.6 
7.56 
13.3 
13.1 
11.1 
9.18 
12 
12.4 
15.5 
14.9 
35.5 
46.3 
22.7 
28.3 
26.9 
25.1 
24.5 
20.9 
26.1 
32 
17.6 
18.1 
16.5 
15.7 
12.5 
12.7 
13.2 
13.8 
13.8 
13.4 
14.1 
14.3 
19.4 
17.3 
17.8 
16.6 
23.5 
25 
36.8 
27.9 
25.3 
52.1 
52.4 
44 
23.9 
30.1 
32.2 
37.8 
35.2 
135 
137 
60.9 
83.6 
62.6 
74.2 
69.2 
50.9 
48.4 
49.4 
33.2 
28.9 
27.7 
22.6 
33.1 
30.5 
37.2 
40.2 
45 
44.3 
42.7 
41 
36 
28.3 
31.2 
27.1 
40.6 
39.7 
64.1 
49.4 
60.4 
40 
45.9 
55.8 
49.6 
50.9 
39.8 
47 
46.9 
Fe Cr ORG 
% ~g/g % 
1.17 28.5 1.5 
1.26 26.5 1.4 
1.06 27.6 1.4 
1.42 27.7 2.44 
1.53 36.2 2.1 
1.57 2.6 
1.91 46.1 2.6 
1.74 30.1 2.48 
1.69 3.1 
1.66 
1.56 
1.91 
2.12 
1.73 
1.57 
1.67 
1.17 
1.43 
1.44 
1.06 
1.03 
.987 
1.03 
1.18 
1.23 
1.2 
1.21 
1.24 
1.29 
1.25 
1.28 
1.13 
.876 
1.08 
1.11 
1.21 
1.27 
1.82 
1.56 
1.36 
1.38 
1.49 
1.46 
1.22 
1.63 
1.79 
1.98 
2.25 
50.7 
57.7 
27.7 
25.3 
27.2 
19.2 
30 
29.7 
21 
20.5 
19 
19.8 
20.2 
20.6 
21.7 
21.2 
21.6 
21.5 
21.7 
21 
21 
16.2 
20.1 
20.6 
21. 7 
24 
34.3 
34.2 
25.5 
46.2 
49.1 
35.4 
33.9 
39.7 
36.7 
47.8 
51.3 
2.6 
2.7 
2.7 
2.9 
2.1 
1.8 
1.5 
2.14 
2.33 
1.76 
1.37 
1.31 
1.38 
1.41 
1.55 
1.42 
1.5 
1.68 
1.5 
1.62 
1.5 
1.56 
1.4 
1.64 
1.58 
3.33 
2.87 
4.88 
3.23 
2.41 
2.54 
2.47 
3.1 
1.6 
2.69 
2.76 
3.05 
3.38 
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A3.3 SIMILARITY MATRICES OF CLUSTER ANALYSES 
OF BOTTOM SEDIMENTS 
Table A3.8 Similarity Matrices for Sand, Silt, and Clay Fractions 
Sand Pb cu Ni Zn Mn Fe Cr Organic 
Pb .302 .454 .61 .483 .016 .267 .151 
Cu .213 .524 .245 .301 .72 .457 
Ni 1 .295 .603 .249 .353 .261 
Zn .264 .108 .49 .262 
Mn 1 .031 .301 .127 
Fe .483 .231 
Cr .514 
Organic 1 
Si l t Pb cu Ni Zn Mn Fe Cr Organic 
Pb .45 .145 .643 .524 .432 .561 .377 
Cu .25 .404 .455 .489 .369 .73 
Ni .174 .407 .172 .135 .131 
Zn .395 .308 .355 .408 
Mn .431 .307 .325 
Fe .278 .328 
Cr .319 
Organic 
Clay Pb Cu Ni Zn Mn Fe Cr Organic 
Pb .818 .651 .707 .73 .478 .482 .571 
Cu 1 .619 .545 .773 .495 .383 .565 
Ni .573 .612 .326 .494 .485 
Zn .391 .232 .671 .527 
Mn 1 .483 .164 .349 
Fe 1 .17 .032 
Cr .589 
Organic 1 
Basel ine Pb Cu Ni Zn Mn Fe Cr Organic 
Pb .058 .072 .475 .049 .395 .062 .26 
Cu .468 .339 .162 .089 .439 .823 
Ni 1 .237 .671 .648 .791 .552 
Zn .319 .022 .102 .295 
Mn .515 .722 .407 
Fe .565 .171 
Cr .593 
Organic 
Baseline; Clay fraction data from Saltwater Creek Estuary and Travis Swamp 
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Table A3.9 Similarity Matrices for Clay fractions of Units D, C, and B 
Unit D Pb Cu Ni Zn Mn Fe Cr Organic 
Pb .616 .467 .715 .822 .655 .443 .243 
Cu 1 .085 .417 .663 .32 .093 .051 
Ni 1 .563 .478 .309 .588 .404 
Zn .524 .438 .581 .122 
Mn .358 .437 .216 
Fe 1 .16 .055 
Cr 1 .236 
Organic 
Unit C pb cu Ni Zn Mn Fe Cr Organic 
Pb .379 .326 .8 .281 .22 .36 .042 
cu .481 .443 .128 .022 .02 .295 
Ni 1 .11 .34 .068 .239 .061 
Zn 1 .356 0 .515 .183 
Mn .101 .451 .191 
Fe .022 .161 
Cr 1 .294 
Organic 1 
Unit B Pb cu Ni Zn Mn Fe Cr Organic 
Pb .854 .763 .687 .91 .429 .574 .627 
cu .665 .542 .904 .549 .577 .567 
Ni .808 .747 .264 .394 .502 
Zn 1 .723 .246 .591 .533 
Mn 1 .507 .757 .597 
Fe 1 .342 .147 
Cr 1 .506 
Organic 
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Table A3.10 Environmental Measurements and Suspended Matter 
Concentration in the Heathcote River 
Date Water Suspended Av 
Temp Eh pH matter rainfall 
°c V pg/m1 rom 
26/2/88 13.00 .14 7.20 20.00 3.40 
27/4/88 17.00 .14 7.00 24.80 0.00 
1/7/88 8.00 .14 ·7.60 141.00 .10 
10/8/88 10.50 .17 7.20 26.40 .37 
29/9/88 15.00 .19 7.10 20.90 0.00 
7/11/88 13.50 .18 7.10 194.00 4.80 
20/12/88 18.50 .15 7.70 26.40 .30 
7/2/89 16.50 .13 7.20 36.40 2.20 
20/3/89 14.00 .08 7.00 22.50 1.20 
3/5/89 13.00 .11 7.00 10.10 1.80 
15/6/89 10.00 .15 6.20 9.60 1.10 
17/7/89 8.50 .15 6.90 9.60 .03 
Table A3.11 Environmental Measurements and Suspended Matter 
Concentration in the Avon River 
Date Water Suspended Av. 
Temp Eh pH matter rainfall 
°c V pg/m1 rom 
26/2/88 16.00 .16 7.70 8.00 3.40 
27/4/88 17.00 .14 4.70 13.60 0.00 
1/7/88 8.50 .18 6.80 10.50 .10 
10/8/88 10.00 .20 6.20 8.00 .37 
29/9/88 15.00 .18 7.40 6.80 0.00 
7/11/88 15.50 .21 7.20 12.40 4.80 
20/12/88 20.50 .21 7.60 22.00 .30 
7/2/89 18.00 .12 8.20 9.60 2.20 
20/3/89 15.00 .10 7.69 15.40 1.20 
3/5/89 13.00 .13 6.66 6.60 1.80 
15/6/89 9.00 .14 6.40 108.00 1.10 
17/7/89 9.00 .15 6.80 6.80 .03 
Table A3.12 Environmental Measurements and Suspended Matter 
Concentration in the City Outfall Drain 
Date Water Suspended Av. 
Temp Eh pH matter rainfall 
°c V pg/ml rom 
26/2/88 15.00 .15 7.10 12.00 3.40 
27/4/88 17.00 .13 6.70 29.60 0.00 
1/7/88 6.50 .15 7.00 17.70 .10 
10/8/88 9.50 .17 6.70 9.60 .37 
29/9/88 17.00 .19 7.70 6.00 0.00 
7/11/88 14.50 .18 6.90 7.60 4.80 
20/12/88 21. 50 .15 8.90 13.20 .30 
7/2/89 18.00 .13 7.14 20.40 2.20 
20/3/89 14.50 .08 7.30 12.10 1.20 
3/5/89 13.50 .10 7.04 3.90 1.80 
15/6/89 10.50 .11 6.80 9.60 1.10 
17/7/89 10.50 .10 6.90 4.80 .03 
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Table A3.l3 Environmental Measurements and Suspended Matter 
Concentration in Pond 5 
Date Water Suspended Av. 
Temp Eh pH matter rainfall 
°c V Ilg/ml rom 
26/2/88 16.00 .15 . 8.60 80.00 3.40 
27/4/88 17.00 .10 6.50 82.00 0.00 
1/7/88 6.00 .14 7.80 64.90 .10 
10/8/88 9.00 .14 7.20 70.00 .37 
29/9/88 14.50 .14 7.10 28.80 0.00 
7/11/88 14.50 .15 7.60 80.00 4.80 
20/12/88 21.00 .17 7.10 148.00 .30 
7/2/89 18.00 .13 8.40 120.00 2.20 
20/3/89 15.50 .12 7.91 110.00 1.20 
3/5/89 13.00 .09 6.64 73.00 1.80 
15/6/89 8.00 .11 7.30 58.00 1.10 
17/7/89 7.00 .11 7.90 64.00 .03 
Table A3.14 Environmental Measurements and Suspended Matter 
Concentration in Pond 6 
Date Water Suspended Av. 
Temp Eh pH matter rainfall 
°c V Ilg/ml rom 
26/2/88 16.00 .13 7.90 67.00 3.40 
27/4/88 17.00 .10 7.00 68.00 0.00 
1/7/88 6.00 .13 7.60 54.20 .10 
10/8/88 9.00 .11 7.10 70.00 .37 
29/9/88 17.00 .14 8.40 78.80 0.00 
7/11/88 15.00 .19 7.80 76.00 4.80 
20/12/88 23.00 .16 7.70 50.00 .30 
7/2/89 18.00 .11 7.60 76.40 2.20 
20/3/89 16.00 .08 8.03 63.00 1.20 
3/5/89 13.00 .09 7.55 44.40 1.80 
15/6/89 8.50 .13 7.10 47.00 1.10 
17/7/89 7.50 .11 58.00 .03 
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Table A3.15 Heavy Metal Concentrations in the Dissolved Phase 
of the Heathcote River 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 .86 3.00 19.00 57.00 59.00 38.00 2.50 
27/4/88 <1.5 .50 2.52 16.70 18.70 47.10 UD 
1/7/88 .10 .73 1.00 24.80 23.30 UD 5.41 
10/8/88 .20 .70 UD 16.00 23.20 1.20 
29/9/88 .09 .90 UD 11.10 24.10 UD 2.30 
7/11/88 .40 1.30 UD 41.90 20.60 95.00 1.60 
20/12/88 UD .49 UD 32.20 56.00 23.40 2.20 
7/2/89 .13 .01 UD 48.00 63.90 19.70 1.40 
20/3/89 UD .19 UD 14.60 16.20 23.70 UD 
3/5/89 UD .23 UD 35.80 16.70 27.70 UD 
15/6/89 .43 7.90 UD 23.40 32.80 92.00 UD 
17/7/89 UD UD UD 52.40 34.00 122.00 UD 
UD; Undetectable 
Table A3.16 Heavy Metal Concentrations in the Dissolved Phase 
of the Avon River 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 .53 <1 <.76 5.90 16.00 140.00 .18 
27/4/88 .77 .08 UD 3.63 6.33 115.00 UD 
1/7/88 <1 .01 UD 3.95 8.11 UD UD 
10/8/88 .30 .40 UD UD UD 119.00 UD 
29/9/88 .40 .80 UD UD 7.40 150.00 UD 
7/11/88 2.60 3.50 UD 9.20 4.30 501. 00 1.20 
20/12/88 .53 .49 UD 11.10 29.30 210.00 .57 
7/2/89 1. 50 .20 UD 4.00 16.20 143.00 .62 
20/3/89 1. 54 .66 UD 8.23 7.36 141. 00 .31 
3/5/89 1.10 1.14 UD 15.00 12.90 293.00 .06 
15/6/89 1.00 1.30 UD 18.20 13.00 204.00 .18 
17/7/89 1.40 1.10 UD 28.20 11.50 206.00 .22 
Table A3.17 Heavy Metal Concentrations in the Dissolved Phase 
of the City Outfall Drain 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 3.40 2.40 1.20 65.00 82.00 200.00 .53 
27/4/88 <1.5 .60 UD .86 87.80 1. 60 UD 
1/7/88 .20 .02 1.00 16.30 54.10 UD 3.02 
10/8/88 .60 2.50 UD 4.90 92.10 144.00 UD 
29/9/88 .10 .60 UD UD 67.40 36.00 UD 
7/11/88 7.20 2.60 UD 108.00 49.80 1.20 
20/12/88 .13 .40 UD 1. 60 27.00 48.50 .96 
7/2/89 UD .01 UD 7.80 19.20 18.40 .53 
20/3/89 1.18 .41 UD 38.40 64.40 256.00 UD 
3/5/89 .04 UD UD 66.50 76.80 253.00 UD 
15/6/89 UD .97 UD 34.20 118.00 467.00 UD 
17/7/89 UD UD UD 51.80 112.00 569.00 UD 
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Table A3.18 Heavy Metal Concentrations in the Dissolved Phase 
of Pond 5 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 1.30 9.10 34.00 28.00 81.00 120.00 9.70 
27/4/88 <1.5 1.20 26.30 26.50 40.60 38.40 9.96 
1/7/88 <1 3.63 29.00 13.70 46.60 33.60 8.21 
10/8/88 .70 9.50 36.70 UD 38.50 200.00 22.00 
29/9/88 .92 8.10 24.20 UD 44.50 141.00 16.70 
7/11/88 .40 6.60 29.00 UD UD 422.00 10.30 
20/12/88 UD 5.10 53.00 30.10 UD 129.00 5.50 
7/2/89 UD 1.60 29.40 13.60 UD 101.00 3.20 
20/3/89 .04 4.27 30.50 17.10 UD 27.70 5.82 
3/5/89 UD 5.62 26.50 18.70 33.00 31.90 4.84 
15/6/89 UD 3.50 16.50 6.40 36.30 69.40 7.50 
17/7/89 4.00 19.60 22.90 34.70 62.20 127.00 17.80 
UD; Undetectable 
Table A3.19 Heavy Metal Concentrations in the Dissolved Phase 
of Pond 6 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 .55 10.00 32.00 13.00 7.00 180.00 14.00 
27/4/88 1.00 4.00 19.80 45.50 70.70 180.00 16.80 
1/7/88 <1 3.85 68.30 29.10 55.10 91.90 12.10 
10/8/88 3.30 17.80 22.40 2.60 51.00 32.50 
29/9/88 .70 13.00 33.40 UD 28.60 UD 19.80 
7/11/88 .70 7.30 35.00 UD UD 400.00 12.50 
20/12/88 1. 50 9.50 39.10 27.50 UD 442.00 11.20 
7/2/89 UD 2.80 40.00 22.80 UD 254.00 7.20 
20/3/89 1.20 5.65 28.30 13.20 5.80 114.00 11.20 
3/5/89 UD 6.28 26.40 16.30 25.30 68.60 6.37 
15/6/89 1. 30 15.90 17.80 48.90 59.70 214.00 15.80 
17/7/89 3.50 22.40 22.90 98.70 66.80 240.00 39.30 
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Table A3.20 Heavy Metal Concentrations in Total water of the Heathcote 
River 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 4.10 10.00 17.00 78.00 63.00 420.00 2.40 
27/4/88 3.80 1.20 2.52 28.00 23.00 499.00 1.21 
1/7/88 8.60 4.30 1.00 58.40 34.80 367.00 7.69 
10/8/88 2.30 2.90 UD 32.40 31.30 850.00 2.60 
29/9/88 2.60 2.40 UD 25.40 28.30 724.00 2.60 
7/11/88 31.00 10.80 UD 135.00 60.40 5820.00 11.90 
20/12/88 2.60 1.30 UD 56.80 66.50 652.00 4.50 
7/2/89 5.20 1.90 UD 52.90 85.50 1009.00 5.10 
20/3/89 .32 3.32 .62 25.10 17.40 178.00 UD 
3/5/89 1.33 1.85 .67 47.40 18.00 211. 00 UD 
15/6/89 6.30 41. 70 .43 39.60 34.00 416.00 .43 
17/7/89 1. 70 1.40 UD 63.20 35.30 377.00 1. 50 
UD; Undetectable 
Table A3.21 Heavy Metal Concentrations in Total water of the Avon 
River 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 1.20 <2 .35 9.00 19.00 280.00 .79 
27/4/88 1. 70 .48 UD 6.61 9.19 294.00 .60 
1/7/88 .97 .21 UD 10.20 10.30 257.00 .29 
10/8/88 1. 50 8.50 UD 9.50 4.70 362.00 1.40 
29/9/88 1.30 .90 UD UD 9.30 449.00 1.20 
7/11/88 6.40 4.10 UD 22.40 8.00 761. 00 1. 70 
20/12/88 2.00 .62 UD 25.40 40.10 887.00 1.20 
7/2/89 2.90 .40 UD 19.70 23.90 533.00 .75 
20/3/89 4.14 1.19 UD 18.20 9.60 496.00 1.10 
3/5/89 1.94 1.72 .39 18.50 13.70 476.00 .35 
15/6/89 11. 50 40.10 4.40 74.40 35.50 3225.00 10.10 
17/7/89 2.70 1.10 UD 28.40 12.50 369.00 .57 
Table A3.22 Heavy Metal Concentrations in Total Water of the City Outfall 
Drain 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 6.80 5.20 .32 90.00 96.00 510.00 1.10 
27/4/88 9.30 .30 2.52 7.10 101.00 1185.00 .71 
1/7/88 1. 90 .62 1.00 36.10 60.60 377.00 3.12 
10/8/88 3.90 7.50 UD 30.50 124.00 1.20 
29/9/88 2.10 1.20 UD 3.00 75.30 894.00 UD 
7/11/88 17.60 5.10 UD 123.00 56.40 749.00 1.60 
20/12/88 1.40 .49 UD 12.80 48.00 511.00 1.00 
7/2/89 3.40 .50 UD 17.20 23.60 762.00 .62 
20/3/89 8.64 2.78 .90 66.20 63.20 761. 00 UD 
3/5/89 .79 .45 UD 82.80 68.70 578.00 UD 
15/6/89 6.70 35.60 UD 59.20 108.00 854.00 .09 
17/7/89 21. 70 2.30 UD 69.60 111. 00 850.00 1.40 
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Table A3.23 Heavy Metal Concentrations in Total Water of Pond 5 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 2.20 19.00 40.00 41.00 95.00 380.00 25.00 
27/4/88 1. 60 5.80 24.00 44.90 65.10 176.00 14.20 
1/7/88 2.40 14.60 28.90 49.50 65.90 347.00 30.90 
10/8/88 4.40 15.50 28.40 31.90 66.40 306.00 27.70 
29/9/88 2.40 10.70 25.90 6.60 55.20 269.00 21. 70 
7/11/88 10.50 37.80 34.60 86.80 52.60 903.00 130.00 
20/12/88 2.50 12.50 43.20 96.20 118.00 208.00 21.60 
7/2/89 3.00 11.00 44.50 91. 50 143.00 106.00 10.80 
20/3/89 2.59 10.30 32.00 28.00 48.90 174.00 17.20 
3/5/89 3.17 22.30 32.10 35.30 48.90 258.00 27.40 
15/6/89 14.50 40.40 40.20 94.10 62.70 662.00 68.00 
17/7/89 10.00 22.90 33.20 81.30 68.60 361.00 42.10 
Table A3.24 Heavy Metal Concentrations in Total Water of Pond 6 
Date Pb Cu Ni Zn Mn Fe Cr 
ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml ng/ml 
26/2/88 2.10 21.00 38.00 27.00 79.00 380.00 33.00 
27/4/88 3.50 9.90 24.10 65.20 78.60 245.00 21.10 
1/7/88 2.20 17.20 27.00 62.40 77.40 367.00 35.00 
10/8/88 12.20 23.00 23.40 5.30 68.50 358.00 88.60 
29/9/88 3.20 13.10 32.50 16.50 49.60 288.00 25.10 
7/11/88 4.80 12.60 32.50 6.10 20.60 424.00 20.60 
20/12/88 2.40 10.70 40.70 68.10 97.40 147.00 19.00 
7/2/89 3.70 9.40 38.10 75.60 104.00 167.00 15.30 
20/3/89 3.67 19.00 33.00 30.30 43.30 246.00 26.10 
3/5/89 1.44 10.80 29.30 20.80 36.60 138.00 14.00 
15/6/89 14.30 48.60 40.20 117.00 65.10 578.00 58.30 
17/7/89 16.10 37.10 32.80 144.00 65.10 514.00 91.80 
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Table A3.25 Heavy Metal Concentrations in Suspended Matter of 
the Heathcote River 
Date Pb Cu Ni Zn Mn Fe Cr 
J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g 
26/2/88 162.00 350.00 0.00 1050.00 200.00 19100.00 
27/4/88 153.23 28.23 0.00 455.65 173.39 18221. 77 48.79 
1/7/88 60.28 25.32 0.00 238.30 81.56 2602.84 16.17 
10/8/88 79.55 83.33 0.00 621.21 306.82 32196.97 53.03 
29/9/88 120.10 71. 77 0.00 684.21 200.96 34641.15 14.35 
7/11/88 157.73 48.97 0.00 479.90 205.15 29510.31 53.09 
20/12/88 98.48 30.68 0.00 931. 82 397.73 23810.61 87.12 
7/2/89 139.29 51.92 0.00 134.62 593.41 27178.57 101.65 
20/3/89 14.40 139.11 27.42 466.67 53.33 6857.78 .00 
3/5/89 131. 68 160.40 66.34 1148.51 128.71 18148.51 .00 
15/6/89 611.46 3520.83 44.79 1687.50 125.00 33750.00 44.79 
17/7/89 177.08 145.83 .00 1125.00 135.42 26562.50 156.25 
(-, no data) 
Table A3.26 Heavy Metal Concentrations in Suspended Matter of 
the Avon River 
Date Pb Cu Ni Zn Mn Fe Cr 
J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g 
26/2/88 83.75 .00 43.75 387.50 375.00 17500.00 76.25 
27/4/88 68.38 29.71 .00 219.12 210.29 13161. 76 44.49 
1/7/88 92.38 19.05 .00 595.24 208.57 24476.19 28.00 
10/8/88 150.00 1012.50 .00 1187.50 587.50 30375.00 175.00 
29/9/88 132.35 14.71 .00 .00 279.41 43970.59 176.47 
7/11/88 306.45 48.39 .00 1064.52 298.39 20967.74 40.32 
20/12/88 66.82 5.91 .00 650.00 490.91 30772.73 28.64 
7/2/89 145.83 20.83 .00 1635.42 802.08 40625.00 13.54 
20/3/89 168.83 34.22 .00 647.40 145.45 23051.95 51.30 
3/5/89 127.27 87.88 58.79 530.30 121. 21 27727.27 44.09 
15/6/89 97.22 359.26 40.74 520.37 208.33 27972.22 91.85 
17/7/89 191.18 .00 .00 29.41 147.06 23970.59 51.47 
Table A3.27 Heavy Metal Concentrations in Suspended Matter of 
the City Outfall Drain 
Date Pb Cu Ni Zn Mn Fe Cr 
J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g J.lg/g 
26/2/88 283.33 233.33 0.00 2083.33 1166.67 25833.33 47.50 
27/4/88 314.19 0.00 85.14 210.91 445.95 39979.73 23.85 
1/7/88 96.05 33.90 .00 1118.64 367.23 21299.44 5.65 
10/8/88 343.75 520.83 .00 2666.67 3322.92 125.00 
29/9/88 333.33 100.00 .00 500.00 1316.67 143000.00 .00 
7/11/88 1368.42 328.95 .00 1973.68 868.42 98552.63 52.63 
20/12/88 96.21 6.82 .00 848.48 1590.91 35037.88 3.03 
7/2/89 166.67 24.02 .00 460.78 215.69 36450.98 4.41 
20/3/89 616.53 196.20 74.21 2297.52 41735.54 .00 
3/5/89 193.85 114.36 .00 4179.49 83333.33 .00 
15/6/89 697.92 3607.29 .00 2604.17 40312.50 9.37 
17/7/89 4520.83 479.17 .00 3708.33 58541. 67 291. 67 
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Table A3.28 Heavy Metal Concentrations in Suspended Matter of 
Pond 5 
Date Pb Cu Ni Zn Mn Fe Cr 
119/9 119/9 119/9 119/9 119/9 119/9 119/9 
26/2/88 11.25 123.75 75.00 162.50 175.00 3250.00 191. 25 
27/4/88 19.51 56.10 0.00 224.39 298.78 1678.05 51. 71 
1/7/88 36.98 169.03 0.00 551.62 297.38 4828.97 349.61 
10/8/88 52.86 85.71 0.00 455.71 398.57 1514.29 81.43 
29/9/88 51.39 90.28 59.03 229.17 371. 53 4444.44 173.61 
7/11/88 126.25 390.00 70.00 1085.00 657.50 6012.50 1496.25 
20/12/88 16.89 50.00 0.00 446.62 797.30 533.78 108.78 
7/2/89 25.00 78.33 125.83 649.17 1191.67 41. 67 63.33 
20/3/89 23.15 54.82 13.64 99.09 444.55 1330.00 103.45 
3/5/89 43.42 228.49 76.71 227.40 217.81 3097.26 309.04 
15/6/89 250.00 636.21 408.62 1512.07 455.17 10217.24 1043.10 
17/7/89 93.75 51. 56 160.94 728.12 100.00 3656.25 379.69 
Table A3.29 Heavy Metal Concentrations in Suspended Matter of 
Pond 6 
Date Pb Cu Ni Zn Mn Fe Cr 
119/9 119/9 119/9 119/9 119/9 119/9 119/9 
26/2/88 23.13 164.18 89.55 208.96 1074.63 2985.07 283.58 
27/4/88 36.76 86.76 63.24 289.71 116.18 955.88 63.24 
1/7/88 40.59 246.31 0.00 614.39 411.44 5075.65 422.51 
10/8/88 127.14 74.29 14.29 38.57 250.00 5114.29 801.43 
29/9/88 31. 73 1.27 0.00 209.39 266.50 3654.82 67.26 
7/11/88 53.95 69.74 0.00 80.26 271. 05 315.79 106.58 
20/12/88 18.00 24.00 32.00 812.00 1948.00 156.00 
7/2/89 48.43 86.39 0.00 691.10 1361. 26 106.02 
20/3/89 39.21 211. 90 74.60 271. 43 595.24 2095.24 236.51 
3/5/89 32.43 101.80 65.32 101. 35 254.50 1563.06 171. 85 
15/6/89 276.60 695.74 476.60 1448.94 114.89 7744.68 904.26 
17/7/89 217.24 253.45 170.69 781. 03 4724.14 905.17 
-; no data 
Table A3.30 Similarity Matrices for Heavy Metals in Suspended 
Matter 
Rivers Pb Cu Zn Mn Fe Cr 
Pb 1.00 .84 .34 .10 .30 0.00 
cu 1.00 .54 .10 .20 0.00 
Zn 1.00 ;27 .27 .14 
Mn 1.00 .48 .27 
Fe 1.00 .41 
Cr 1.00 
Ponds Pb Cu Zn Mn Fe Cr 
Pb 1.00 .82 .74 .33 .69 .80 
Cu 1.00 .78 .20 .73 .76 
Zn 1.00 .14 .41 .66 
Mn 1.00 .62 .20 
Fe 1.00 .70 
Cr 1.00 
Drain Pb Cu Zn Mn Fe Cr 
Pb 1.00 .10 .48 .17 .14 .89 
cu 1.00 .28 .30 .10 0.00 
Zn 1.00 .40 0.00 .49 
Mn 1.00 .30 .14 
Fe 1.00 .14 
Cr 1.00 
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A4.1 HEAVY METAL DATA OF REFERENCE SD-N-1 
Table A4.1 Raw SD-N-1 Data analysed by Flame Atomic Absorption Spectroscopy (HF/HN03 Method) 
Pb 
/Lg/g 
75.3 
86 
87.5 
88.4 
88.6 
91.3 
91.5 
91.8 
91.9 
91.9 
93.7 
95.2 
95.2 
97.5 
98.3 
98.7 
99 
99.6 
100 
100 
100 
101 
103 
103 
103 
105 
105 
108 
109 
112 
114 
119 
121 
CU Ni Zn Mn SA 
/Lg/g /Lg/g /Lg/g /Lg/g 
61.9 21.9 293 419 
64 22.5 378 439 
67.5 22.9 386 455 
68 23.7 392 455 
69.9 24.1 395 458 
70 24.3 404 463 
70.2 24.9 404 471 
70.6 25.3 412 479 
71 25.5 416 498 
71 25.8 422 525 
72.2 26 422 553 
72.4 26 423 553 
73.3 26.2 423 570 
73.5 26.2 428 575 
73.8 26.2 432 578 
74.1 26.4 433 581 
74.7 26.6 433 583 
74.7 26.7 440 594 
75 27.3 442 595 
75.3 27.3 443 598 
75.3 27.6 444 600 
75.8 27.7 444 600 
76.3 27.9 451 603 
76.3 28.3 458 611 
76.3 28.4 466 615 
76.4 
76.7 
77 
77.7 
77.9 
78.2 
78.4 
79.4 
29.3 
29.3 
30.1 
30.5 
32.3 
34.9 
38.8 
467 
471 
480 
485 
494 
499 
529 
559 
624 
631 
632 
635 
641 
660 
664 
123 83.6 
Mn Aq 
/Lg/g 
428 
446 
448 
466 
490 
492 
501 
501 
508 
515 
516 
519 
520 
524 
534 
534 
538 
540 
541 
548 
549 
551 
617 
621 
Fe SA 
% 
1.18 
1.67 
1.97 
1.98 
2.31 
2.35 
2.54 
2.55 
2.58 
2.58 
2.67 
2.68 
2.73 
2.83 
2.84 
2.91 
3.02 
3.06 
3.08 
3.1 
3.15 
3.18 
3.22 
3.26 
3.29 
3.42 
3.46 
3.46 
3.56 
3.6 
3.73 
3.78 
Fe Aq 
% 
1.8 
2.04 
2.55 
2.56 
2.74 
2.86 
2.89 
2.91 
2.93 
2.94 
2.94 
2.94 
2.98 
3.02 
3.06 
3.07 
3.07 
3.15 
3.17 
3.29 
3.39 
3.41 
3.56 
3.69 
Cr 
/Lg/g 
118 
118 
120 
125 
128 
128 
131 
133 
133 
137 
139 
139 
139 
140 
141 
141 
141 
142 
142 
142 
143 
144 
144 
144 
145 
146 
148 
148 
150 
155 
157 
ORG 
% 
8.4 
8.7 
8.7 
8.8 
8.8 
8.9 
8.9 
9 
9.4 
9.6 
9.6 
9.6 
10.2 
10.2 
10.3 
10.4 
10.6 
10.7 
10.8 
10.8 
11 
11. 1 
11.2 
11.3 
11.5 
11.6 
11.8 
11.9 
11.9 
12 
12.1 
12.1 
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Table A4.2 Raw SD-N-1 Data analysed by Flame Atomic Absorption Spectroscopy (HN03 Method) 
Pb Cu Ni Zn Mn Aq Fe Aq Cr 
/Lg/g /Lg/g /Lg/g /Lg/g p.g/g % /Lg/g 
74.4 59.5 18.2 260 447 2.26 48.8 
81.3 69.2 20.5 277 453 2.33 49.1 
91.2 70.7 20.7 288 470 2.39 56.3 
91.2 70.7 20.8 299 479 2.39 66.5 
94.2 73.5 21 325 495 2.48 68.2 
95 73.5 21 375 496 2.54 69.5 
95 73.5 21.2 381 504 2.6 78.8 
95 73.6 21.5 382 508 2.66 85.5 
96.5 74.3 21.6 385 509 2.79 88.5 
98 74.4 21.7 393 545 2.84 89.2 
98.8 74.6 22 402 546 3.07 89.3 
101 74.6 22.4 402 546 3.51 89.4 
101 74.6 23.5 404 570 91 
102 75.5 23.5 406 570 95.9 
103 75.9 23.9 407 571 98.2 
103 76.3 24.1 409 
103 76.5 24.3 410 
111 76.6 24.9 417 
112 77 422 
113 77.3 437 
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Table A4.3 Raw Data Secondary References 
Pb cu Ni Zn Fe SA Fe Aq Mn SA Mn Aq Cr ORG 
p.g/g p.g/g p.g/g p.g/g % % p.g/g p.g/g p.g/g % 
SA1B9 
3.66 5.58 9.3 19 1.12 1.26 43.2 33.8 24.4 1.09 
3.71 5.67 10.1 19.4 1.3 1.37 53.9 35.1 27.6 1.26 
3.74 5.86 10.2 19.7 1.76 1.41 59.9 39.8 28.5 1.54 
3.93 6.01 11.5 21 1.52 62.1 28.9 1.74 
6.27 11.5 21.4 30.7 
ZT3 
2.85 5.23 8.2 22.9 1.76 1.45 56.1 37 24.4 1.42 
3.26 5.47 8.52 23.7 1.84 1.52 64.9 47.4 28.4 1.53 
4.86 5.56 8.65 25.7 1.92 1.61 67.1 49.4 28.5 1.59 
5.64 5.84 8.72 28 2.07 1.72 75.3 51 29.7 1.65 
5.84 8.94 33.4 2.12 1. 72 76.1 52.5 30.6 1.77 
7.48 9.09 34.5 1.77 31.3 1.92 
7.97 9.86 1. 79 34.5 2.04 
CT3 
28.1 19.1 20.1 94.9 3.72 3.54 253 212 67.6 3.69 
31.6 19.4 24.3 118 4.14 3.8 284 220 67.9 3.84 
33.7 20.7 26 123 4.26 3.99 310 221 70.9 3.89 
36.6 22.7 26.3 127 4.54 4.51 328 243 71.5 4.22 
39 24 31.5 174 5.66 4.65 354 272 71.9 4.33 
39.2 32.3 179 4.95 366 84.2 4.78 
40.9 34.1 96.2 5.93 
42.5 
SA, Standard Additions; Aq, aqueous calibration. 
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Table A4.4 Raw Data of Bayesian Statistical Analysis of Secondary References 
Statistic Pb Cu Ni Zn Fe Mn Cr ORGANIC 
/Lg/g /Lg/g /Lg/g /Lg/g % /Lg/g /Lg/g % 
SA1B9 
92 .2 .1 1.7 4.6 .0 14.9 3.7 .0 
Vo 38.0 36.0 36.0 36.0 36.0 36.0 36.0 38.0 
0"20 .2 .1 1.6 4.4 .0 14.1 3.5 .0 
S2 .0 .3 3.7 4.4 .0 594.0 21.4 .3 
0"2 .2 .1 1.6 4.2 .0 28.3 3.7 .0 
Xe (t=CO) .4 .3 1.1 1.8 .2 4.7 1.5 .2 
Xe (%) 12.0 5.0 10.5 8.9 13.1 10.5 5.5 12.0 
ZT3 
92 .3 .1 1.2 9.0 .1 16.9 4.5 .0 
Vo 34.0 39.0 36.0 36.0 32.0 36.0 36.0 36.0 
0" 20 .3 .1 1.1 8.5 .1 16.0 4.2 .0 
S2 5.2 6.9 1.7 121.0 .1 151.0 117.0 .3 
0"2 .4 .3 1.1 10.7 .0 18.6 6.4 .0 
Xe (t=CO) .6 .4 .8 2.6 .2 3.8 1.8 .1 
Xe (%) 14.7 6.2 8.6 9.3 9.6 8.0 5.7 8.6 
cn 
92 14.1 1.5 12.1 212.0 .4 411.0 27.1 .2 
Vo 36.0 36.0 36.0 36.0 35.0 36.0 36.0 35.0 
0"20 13.3 1.4 11.4 200.0 .3 388.0 25.6 .2 
S2 171.0 18.1 151.0 5545.0 1.5 2376.0 674.0 3.6 
0"2 15.5 1.8 13.7 319.0 .3 419.0 38.9 .3 
Xe (t=CO) 2.7 1.2 2.7 14.2 .5 17.9 4.6 .4 
Xe (%) 7.5 5.5 9.9 10.5 10.9 7.7 6.1 9.2 
92, "prior" estimate of variance «(12); (120, Vo, statistical parameters of equations 
1, 2, and 4 of Lindley (1965) (see Chapter 6 for details); (12, variance determined 
by Bayesian Statistics; Xe, error, at 95% confidence, of Secondary References 
determined by the method of Lindley (1965); Xe (%), Xe expressed as a percentage 
of the mean X. 
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A4.3 SOLUTIONS TO EQUATIONS OF LINDLEY (1965) 
Equations 1) and 2) (Chapter 6) of Lindley (1965) were 
solved for ao 2 , and Vo by Professor J.J.Deely of Department 
of Mathematics, University of Canterbury. The calculations 
are as follows: 
Equation 1), 
E(9) = ao 2VojVo-2 (=9 2 ) 1) 
Equation 2), 
2) 
Rearrange 2), 
var9 2 = 2 (ao 2VojVo-2) 21jVo-4 3) 
sUbstitute 1) into 3), 
var9 2 = 2(9 2 )21jVo-4 and rearrange to get, 
Vo = 4+2(92 )2jvar92 A) 
Rearrange 1), 
ao 2 = 9 2 (Vo-2)jVo, 
therefore, 
ao 2 = 9 2 (1-2jVo) B) 
From equations A and B the estimate of the true variance a 2 
can be computed by: 
C) 
where n is the number of analyses and 8 2 is s2jn from the 
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data. The variance of the final estimate of a 2 can also be 
computed using: 
vara 2 = 2(Voao2+S 2 )2j(Vo+n-2)2(Vo+n-4). 
The vara 2 was not calculated in this study. 
'-''- "'f' '.,;-,-"'IOBURY 0-1r\J;~r~~~OCH: '~ 
RADIOCARBON DATING RESULT SHEET Date: 2/10/87 File: CA/4/1 
Chargi ng Category: __ C'---___ _ 
R No. 11511/1 INS No. CR 8366 ------------------
NZ No. _7~4~4~8 ____________ __ PR C 3640 
Contributor's No. M35/f26 AR ___________ _ 
Sample : ___ S~h~e~l~l~s_(LM~a~c~tr~a~o~v~at~a~),---_____________________________ _ 
Locality Avon-Heathcote Estuary, Christchurch 
Contributor(s) : ~J~.M~.~D~e~el~y,---__________________________________ ___ 
Collection date: 8/8/87 Carbon % XRD Aragonite 
~~------------- -----
Collect or's age es t i ma t e ___ 1_5_0-,y,-ee-a_r_s _B_P ______ _ 
Pret reatment : 
Gas counting Counting time 1000 min. --------------
RESULTS 
A. Age wrt modern standard N~ marine shell (-4J %o)(note 1) 
Based on Libby T~2 (5568 yr) POST BOMB ± yr BP (note 2) 
Based on new T~2 (5730 yr) 
Corrected for secular variation (a) 
(b) 
Percent modern 
B. Isotope data and enrichment 
al3C wrt POB 
a14C wrt 0.95 NBS Ox. Ac. Std. 
~14C wrt 0.95 NBS Ox. Ac. Std. 
Remarks 
± 
± 
yr BP (note 3) 
yr BP (note 4) 
yr BP (note 5) 
120.0 ± 0.7 % (note 6) 
-3.6 ± 0.1 %0 
± 
± 
%0 (note 7) 
%0 (note 8) 
-----------------------------------------------------
(Notes PTO) 
RADIOCARBON DATING RESULT SHEET Date: 6/10/87 File: CA/4/1 
Chargi ng Category: C ------
R No. 11511/2 
---~-------
INS No. CR 8368 --------------
NZ No. 7459 PR B 7512 -----------
Contributor's No. M36/f43 AR ----------------
Samp 1 e : ___ S_h_e_ll_s-----'-(_v_a r_i_o_u_s _s-,-p_e_c_i e_s-'-) ______________________ _ 
Local ity 
Contri butor(s) 
Avon-Heathcote Estuary, Christchurch 
J.E. Deely 
Most species 
Co 11 ect i on date 8/8/87 Carbon ____ % XRD Aragonite 
Colle ct 0 r 's age est i rna t e _<_20,-,0--",-y..::...e a=r.....:.s---=--B.::--o P-.:o ___________ _ 
Pretreatment : --------------------------------
Gas counting Counting time 2000 min. -------------
RESULTS 
A. Age wrt modern standard NZ Shell 
Based on Libby Tl/2 (5568 yr) 
Based on new T~2 (5730 yr) 
Corrected for secular variation (a) 
Percent modern w.r.t. shell std 
B. Isotope data and enrichment 
o l3C wrt PDB 
(b) 
014C wrt 0.95 NBS Ox. Ac. Std. 
~14C wrt 0.95 NBS Ox. Ac. Std. 
Remarks 
361 ± 110 yr BP (note 2) 
371 ± 110 yr BP (note 3) 
95.6 
± yr BP (note 4) 
yr BP (note 5) 
± 1.3 % (note 6) 
1.47 ± 0.1 0/00 
± 
± 
0/00 (note 7) 
0/00 (note 8) 
(Notes PTO) 
RADIOCARBON DATING RESULT SHEET 
R No. __ 1_1_51_1..:...,/_3 _____ _ 
NZ No. 7460 -~--------
Contributor's No. M36/f44 
Date: 6/10/87 File: CA/4/1 
Charging Category: __ C ____ _ 
INS No. CR 8369 ----------
PR B 7514 
AR ---------
S amp 1 e : __ S __ h __ e...:...ll.:....:s,---,-(...:...va.:....:r __ i__ o...:...u -"-s __ s:cJ...p_e...:...c , __ . e::...::s-L) _______________ _ 
Locality Avon-Heathcote Estuary, Christchurch 
Contributor(s) : J.M. Deely ------~~--------------a-s-s-um-e-d~a .. ll.--
Collection date: 8/8/87 Carbon % XRD Aragonite ~~--------- ----
Collect 0 r • sage es t i ma t e __ 2_0_0_-_1 O_O_O-,y,,-e_a_r_s _B_P ______ _ 
P ret reatment : 
Gas counting Counting time ___ 2_0_0_0 _____ min. 
RESULTS 
A. Age wrt modern standard NZ shell 
Based on Libby TV2 (5568 yr) 
Based on new TV2 (5730 yr) 
Corrected for secular variation (a) 
Percent modern 
B. Isotope data and enrichment 
ol3C wrt PDB 
(b) 
014C wrt 0.95 NBS Ox. Ac. Std. 
6 14C wrt 0.95 NBS Ox. Ac. Std. 
Rema rks 
(-41 %o)(note 1) 
342 ± 60 yr BP (note 2) 
352 ± 60 yr BP (note 3) 
± yr BP (note 4) 
yr BP .(note 5) 
95.8 ± 0.7 % (note 6) 
0.63 ± 0.1 0/00 
± 
± 
0/00 (note 7) 
0/00 (note 8) 
---------------------------------------------
(Notes PTO) 
Notes (1) C-14 ages and standard deviations (based on counting 
statistics only) are rounded as follows : 
o to 1000 yr, nearest 1 
1000 to 2000 yr, nearest 5 
2000 to 10,000 yr, nearest 10 
10,000 to 20,000 yr, nearest 50 
20,000 yr and higher, nearest 100. 
Li mit-ages and percent modern at the 1 i mit are gi ven for 
3 standard deviations. 
Uncertainty in the C-14 lifetime has been excluded from 
the statistical calculations. 
Present year = 1950 AD 
(2) Age used for NZ C-14 age lists. 
(3) Godwin (1962), Nat. 195 984. 
(4) Cl~rk (1975), Antiquity XLIX 251 
(5) Klein et ale (1982), Radiocarbon 24 103 
(6) Percent modern = [Ai/Ao(l + d)J 100 
= [exp(-age/Tm)] 100 
(7) o14C (age-corrected) = [(A/Ao') - 1J 1000 
(8) ~14C (age-corrected) = [(Ai/Ao') - 1J 1000 
A = sample activity at year of collection, Ao = 0.95 
NBS Ox. Ac. Std. activity, Ao' = Ao age-corrected to 1958, 
Ai = A corrected for the isotope effect, d = modern std. 
correction (v 10- 3 ) and Tm is the mean lifetime of 14C 
(8268 yr). 
THE Llf3RJ\RY 
1ilN1VERSIT'( CI' rJ'.>i r:::1i,BURY 
Q-!i,.~I~,l-({ N~Z. 
RADIOCARBON (14C) RESULT SHEET Date: 4/12/86 F~ 1 e: 
Charging Category: x 
R No. 11319 I NS No. CR 8182 
--~----------------
NZ No. 7288 PR B 7366 ---------------------
Contributor's No. M35/f25 
--~--------------
AR --------------------
Sample: Shells (Chione) 
Locality North New Brighton, Christchurch 
Contributor(s): G.H. Browne 
--~~~~~---------------------------------------
Co 11 ect i on date 11/4/86 Carbon % XRD <1.5% calcite --~~------------ ---- ----~---------
Collector's age estimate 1000-3000 years B.P. 
P ret reatment : 
Gas counting / Counting time 3000 mi n. 
RESULTS 
A. Age virt modern standard NZ Shell Std -41 Q. )' ~ 1\ / 00 ~nOle J 
Based on Libhy T1/2 (5568 yr) 1630 ± 50 yr BP (note 2) 
Based on new T 1/2 (5730 yr) 1670 ± 50 yr BP (note 3) 
Corrected for secular variation (a) ± yr BP (note 4) 
(b) yr BP (note 5) 
Pe rcent mode rn 81. 7 ± 0.5 % (note 6) 
B. Isotope data and enrichment 
ol3C wrt POB -0.08 ± 0.1 %0 
0 14 C wrt 0.95 NBS Ox. Ac. Std. ± %0 (note 7) 
£1,14 C wrt 0.95 NBS Ox. Ac. Std. ± %0 (note 8) 
Rema rk s 
Notes (1) C-14 ages and standard deviations (based on counting 
statistics only) are rounded as follows: 
o to 1000 yr, nearest 1 
1000 to 2000 yr, nearest 5 
2000 to 10,000 yr, nearest 10 
10,000 to 20,000 yr, nearest 50 
20,000 yr and higher, nearest 100. 
Limit-ages and percent modern at the limit are given for 
3 standard deviations. 
Uncertainty in the C-14 lifetime has been excluded from 
the statistical calculations. 
Present year = 1950 AD 
(2) Age used for NZ C-14 age lists. 
(3) Godwin (1962), Nat. 195 984. 
(4) Clark (1975), Antiquity XLIX 251 
(5) Klein et ale (1982), Radiocarbon 24 103 
(6) Percent modern = [Ai/Ao(1 + d)J 100 
= [exp(-age/Tm)] 100 
(7) o14C ::age-corrected) = [(A/Ao') - 1] 1000 
(8) 6 14 C (age-corrected) = [(Ai/Ao') - 1] 1000 
A = sample activity at year of collection, Ao = 0.95 
NBS Ox. Ac. Std. activity, Ao' = Ao age-corrected to 1958, 
Ai = A corrected for the isotope effect, d = modern ~~d. 
correction (v 10-) and Tm is the mean lifetime of C 
(8268 yr). 
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